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ABSTRACT: Due to its excellent chemical and mechanical properties, titanium
has become the material of choice for orthopedic and dental implants to promote
rehabilitation via bone anchorage and osseointegration. Titanium osseointegration
is partially related to its capability to form a TiO, surface layer and its ability to
interact with key endogenous proteins immediately upon implantation, establishing
the rst bone biomaterial interface. Surgical trauma caused by implantation results
in the release of high-mobility group box 1 (HMGBL1) protein, which is a
prototypic DAMP (damage-associated molecular pattern) with multiple roles in
in ammation and tissue healing. To develop di erent surface strategies that
improve the clinical outcome of titanium-based implants by controlling their
biological activity, a molecular-scale understanding of HMGB1 surface inter-
actions is desired. Here, we use molecular dynamics (MD) computer simulations to
provide direct insight into the HMGBL interactions and the possible molecular
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arrangements of HMGBL on fully hydroxylated and nonhydroxylated rutile (110) TiO, surfaces. The results establish that HMGB1
is most likely to be adsorbed directly onto the surface regardless of surface hydroxylation, which is undesirable because it could a ect
its biological activity by causing structural changes to the protein. The hydroxylated TiO, surface shows a greater a nity for
HMGB1 than the nonhydroxylated surface. The water layer on the nonhydroxylated TiO, surface prevents ions and the protein from
directly contacting the surface. However, it was observed that if the ionic strength increases, the total number of ions adsorbed on
the two surfaces increases and the protein’s direct adsorption ability decreases. These ndings will help to understand the HMGB1

TiO, interactions upon implantation as well as the development of di erent surface strategies by introducing ions or ionic materials

to the titanium implant surface to modulate its interactions with HMGB1 to preserve biological function.

INTRODUCTION

The fundamental interactions between biomolecules and
implantable inorganic materials, such as titanium, are of great
interest in the elds of biomedicine, biomaterials and
biochemistry. In particular, the regulation of the bioactivity
of implants and how implantable biomaterials interact with
host molecules is critically important. Among the biomaterials
used for the development of long-term implantable medical
devices, titanium has become the material of choice due to its
superior chemical and mechanical properties as well as its high
rate of clinical success.” ® Because of its relatively low density,
low elastic modulus, inertness, high tensile strength, light-
weight, low toxicity, high osseointegration capability, and good
corrosion resistance, titanium is considered a highly biocom-
patible material.* ” Combined with low production costs,
these properties have led to the widespread use of titanium in
implant manufacturing.*

Osseointegration is an important factor in promoting
implant stability. Successful titanium osseointegration is related
to its surface capability to attract key endogenous proteins.®
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Indeed, titanium is currently considered as an immunomodu-
latory metal rather than an inert metal, partially due to the
formed TiO, surface layer.’ ** The physiochemical and
dielectric properties, roughness, wettability, crystal structure,
and composition of this oxide Im on titanium implant surfaces
also play a vital role in the biocompatibility and osseointegra-
tion of the implant'®>*® This oxide layer can drive the
attraction of bene cial host molecules and modulate the
biological environment.*® However, the in vivo molecular
interactions with key proteins at the tissue/implant interface
remain unclear, partly because of the complexity and limited
methodological tools to evaluate the dynamics of titanium and
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host protein interactions in the biological environment upon
titanium implantation.

The rupture of tissue components due to surgical trauma
following implantation results in the release of damage-
associated molecular patterns (DAMPSs).***> DAMPs are a
family of endogenous intracellular or extracellular proteins that
are able to trigger immune in ammatoq/ responses upon
cellular stress, tissue damage, or cell death.****> High-mobility
group box 1 (HMGBL) is a ubiquitous nuclear protein in the
intracellular space but also acts as a prototypic DAMP
molecule with important biological activities in the extrac-
ellular spaces. When released as a DAMP in the extracellular
environment, HMGB1 is able to trigger in ammation and
healing resPonses, either by itself or in combination with other
molecules.*>*® Endogenous release of HMGBL into surgical
sites has been previously shown to participate in the
recruitment of in ammatory and stem cells to the injury site,
thereby actively promoting healing and/or osseointegration in
experimental models.** *° HMGB1 is also known to activate
di erent receptors related to the innate immune response, such
as Toll-like receptor 4 (TLR4) and its associated protein
myeloid di erentiation factor 2 (MD-2) and RAGE (receptor
for advanced glycation end products).***>*" % A previous in
vivo study showed that HMGB1 was present in the
microenvironment surrounding titanium implants for 3 days
after surgical trauma from device implantation.” The systemic
inhibition of HMGBL1, or the inhibition of its receptor RAGE,
completely disrupted cellular and molecular events required for
successful osseointegration.” Altogether, these previous

ndings suggest HMGB1 as a key protein involved in
osseointegration of titanium implants. However, it is believed
that if HMGB1 binds too strongly and irreversibly to the
implant surface, it can cause structural changes to the protein
and a ect its biological activity.

The complete structure of HMGBL1 consists of two L-shaped

-helical DNA-binding domains named A box (residues 1 79)
and B box (residues 89 162), a negatively charged acidic C-
terminal tail (residues 186 215), and two short linker loops,
namely, 1 (residues 80 88) and 2 (residues 163 185), that
connect the three segments.’’ *° The role of HMGBL1 in
in ammation and immunity is mainly determined by its three
redox-sensitive cysteine (C23, C45, and C106) residues.™® It is
known that an isoform of HMGB1 with a disul de bond
between residues C23 and C45 and the reduced thiol form of
residue C106 is required for cytokine stimulating activity.*’
This unique redox conformation of HMGBL enables it to bind
to TLR4/MD-2 complex and initiate signal transduction to
induce cytokine release by macrophages.*® It is also able to
trigger RAGE in macrophages, promoting angiogenesis by a
RAGE-dependent mechanism.?° It is important to mention
that macrophages play a central role in biomaterial recognition
and incorporation and can further contribute to tissue healing
by removing tissue debris upon injury and producing a range of
growth factors, immunological molecules, and/or proteolytic
enzymes for tissue remodeling.”** When all three cysteines
are in the fully reduced thiol form, HMGB1 will no longer
activate the TLR4/MD2 or RAGE pathways but will act as a
chemotactic mediator and participate in tissue repair using a
di erent pathway.”® The fully reduced isoform is only passively
released by necrotic cells, while the disul de isoform can be
actively released by macrophages in sites of injury. Finally,
because HMGB1 is a redox-sensitive molecule, the fully
reduced isoform will eventually be converted to the disul de

isoform upon its release by necrotic cells in injury sites due the
presence of reactive oxygen species (ROS).”* Thus, the
disul de isoform might be the more predominant isoform in
the transient phase of in ammatory response postimplantation
as a result of di erent processes such as oxidation and active
release. Therefore, to advance our understanding of HMGB1
TiO, surface interactions at the molecular level, the disul de
isoform of HMGB1 was chosen for this study.

In order to develop new immunomodulatory-based strat-
egies using the constructive in ammatory e ects of HMGB1
protein to improve the biological activity of titanium-based
implants, a comprehensive understanding of HMGB1 TiO,
surface interactions is necessary. Therefore, in this study we
sought to understand the mechanistic details of such
interactions using molecular dynamics (MD) computer
simulation. MD can be considered as one of the most direct
approaches to elucidate the adsorption mechanism of proteins
on biomaterials and to understand the atomic details that
occur at the protein adsorbent interface.>?® Through MD
simulations, in addition to protein surface interactions,
protein adsorption mechanisms, surface-induced conforma-
tional changes, and the e ect of other factors on protein
adsorption can be thoroughly investigated.”>>" *° According
to the literature, some of the factors identi ed as a ecting the
adsorption of peptides or proteins on a surface include surface
chemistrg,13 pH.** ionic strength,®*° and structural top-
ography.**** The e ect of all of these parameters on the
adsorption of HMGB1 to the implant surface has not been
systematically investigated, or only limited work has been
done. Therefore, in this study, to advance our understanding of
the interactions between HMGBL1 and TiO, implant surfaces,
we performed molecular dynamics computer simulations.

Since the interaction between the implant and the bone may
vary depending on the implant surface characteristics (rough-
ness, crystal structure, and composition), a variety of implant
modi cations have been proposed and implemented that can
accelerate the osseointegration process.**** In practice, the
TiO, implant surfaces are covered with hydroxyl groups
because water is easily dissociated on oxygen vacancies.**°
This surface hydroxylation changes the surface composition
and roughness of the implant.*>****3" Fronzi and Nolan®®
reported that the adsorbed hydroxyl groups on rutile (110) can
change the properties of TiO, nanoclusters. According to
Busquim et al.,** the surface roughness and chemical
composition can change the implant bone interactions and
hence the osseointegration capacity.*>>3¢3’

Since surface hydroxylation a ects the surface properties, it
can consequently a ect the interactions of molecules such as
proteins with the surface.*>*° Therefore, a comparison
between unmodi ed (nonhydroxylated) and hydroxylated
TiO, surfaces will provide useful information to improve our
understanding of the e ects of the implant surface properties
on the biological activity. Hence, in this study, we used two
TiO, surfaces, namely, an unmodi ed surface with no
hydroxylation and a fully hydroxylated surface. Among the
crystalline polymorphs of titania, rutile is a thermodynamically
stable mineral in nature,®*>** and the surface of rutile (110) is
the most stable crystalline face.>***>** Some results in the
literature report that implants with rutile phase TiO, on the
surface show better biocompatibility and osseointegration than
those exhibiting the anatase phase.*'***

Changes in the surface properties of implants due to
hydroxylation have attracted much attention from peptide/
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Figure 1. (a) Full-length HMGBL1 structure with A box (residues 1 79) in red, B box (residues 89 162) in cyan, linker loop 1 (residues 80 88) in
blue, linker loop 2 (residues 163 185) in green, and C-terminal tail (residues 186 215) in magenta. Cysteine coloring is as follows: carbon, cyan;
nitrogen, blue; oxygen, red; hydrogen, white; sulfur, yellow. (b) Fully hydroxylated neutral TiO, surface. Here, hydrogen from water molecules
combines with the bridging oxygen on the surface to form bridged hydroxyl groups, while the remaining hydroxyl groups from water molecules are
attached to the 5-fold-coordinated surface Ti atoms to form terminal hydroxyl groups. (¢) Nonhydroxylated neutral TiO, surface. Surface contains
bridging oxygen atoms connected to the two underlying Ti atoms. (d) Size and initial con guration of the simulation systems. Coloring is as
follows: water, light transparent blue; sodium, yellow; chloride, light purple; oxygen, red; titanium, pink; hydrogen, white. The 6 faces of the solvent

box are labeled A-F.

protein adsorption investigations.?”*%*%** Kang et al.?’ studied
the e ect of TiO, surface hydroxylation on human serum
albumin (HSA) adsorption using molecular dynamics simu-
lations and showed that hydroxylated surfaces have strong
a nity for the HSA protein compared to nonhydroxylated
surfaces. Several studies in the literature report that the
hydroxylation of TiO, surfaces can a ect the behavior of not
only proteins but also small molecules. Skelton and Walsh*®
performed MD simulations and studied the interaction
between liquid water and rutile (110) TiO,-modi ed surfaces
with di erent amounts of hydroxylation. They showed the
strong e ects of surface hydroxylation on the dynamics of
water at the interface. Skelton et al.*® demonstrated how
hexapeptide adsorption to rutile (110) TiO, is a ected by the
distribution of water at the interface.

Several studies in the literature reported that not only the
behavior of water at the interface but also the ionic strength
will a ect the adsorption of amino acids and peptides on a
surface.”*“® *° The e ect of solvated ions on amino acid
adsorption was analyzed experimentally by comparing the
adsorption isotherms generated in pure water and at di erent
concentrations of sodium chloride by Serro et al.*° and Vlasova
and Golovkova.”™® They showed that at moderate sodium
chloride concentrations, the adsorption capacity was signi -
cantly reduced, while at high concentrations, the adsorption
capacity was eliminated. The experimental studies by Gao et
al.**>? investigated the adsorption of bovine serum albumin
and amino acids by mesoporous silica as a function of ionic
strength and found that high salt concentrations caused a
decrease in the adsorption.

Therefore, in this study, the in uence of surface hydrox-
ylation on the molecular distribution of water, ions, and
HMGB1 protein at the interface was explored in detail.

Previous studies have shown that when the salt concentration
is high it can completely cover the surface 2830465253
Therefore, to extensively study the e ect of ionic concentration
on protein interactions, we varied the salt concentration over a
wide range. The ndings of this research show the in uence of
water and ion structuring induced by surface hydroxylation on
HMGB1 adsorption, which may help in designing new
strategies to enhance the biological xation of implants.

METHODOLOGY AND SIMULATION DETAILS

Models. HMGB1. The HMGB1 structure consists of 215
amino acids. As shown in Figure 1, it has two DNA-binding
domains, namely, the A box and B box. The A box contains
residues 1 79, and the B box contains residues 89 162.'%°
There are two linker Ioops (loop 1, residues 80 88, and loop
2, residues 163 185) in between these two domains and a C-
terminal tail (residues 186 215)."° Since the HMGBL full-
length model is not available, the I-TASSER online web server
was used to predict the structure using the protein sequence
and the available tandem HMG box domain PDB (2YRQ)
structure.*”*® The model with the highest C score was selected
for the current study. In order to model the disul de redox
state of HMGBL, a disul de bond between the C23 and the
C45 cysteine residues was created. The CHARMM36 all-atom
force eld parameters were used to describe the protein in all
of the simulations.

Surfaces. The bulk rutile structure contains 6-fold-
coordinated Ti atoms and 3-fold-coordinated O atoms. In a
nonhydroxylated rutile structure, the surface consists only of
bridging oxygen atoms connected to the two underlying Ti
atoms (Figure 1).®*> On a completely hydroxylated rutile
surface, hydrogen from the water molecules combines with the
bridging oxygen on the surface to form bridged hydroxyl
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Figure 2. Six initial orientations of the HMGB1 system. Six faces of the solvated unit cell are labeled A F. Coloring is as follows: oxygen, red;
titanium, pink; hydrogen, white; sodium, yellow; chloride, green; water, light blue transparent representation. Protein is colored as follows: A box,
red; linker loop 1, blue; B box, cyan; linker loop 2, lime green; C-terminal tail, magenta.

groups, while the remaining hydroxyl groups from the water
molecules are attached to the 5-fold-coordinated surface Ti
atoms to form terminal hydroxyl groups (Figure 1).?® Hence,
for the current study, fully hydroxylated and nonhydroxylated
electrically neutral rutile (110) TiO, slabs were generated by
changing the surface structure. First, a four-layered slab of
TiO, with a size of 84.45 x 74.00 x 12.82 A%in the x, y, and z
directions was constructed repeating the tetragonal unit cell
with a = 45936 A and ¢ = 2.9587 A lattice constants®®°°
(Figure 1). To form a fully hydroxylated surface, hydroxyl
groups were connected to the Ti atoms on the surface and the
bridging oxygens were replaced by hydroxyl groups (Figure 1).
The bond stretching and bending parameters were adopted
from ref 56. Following Predota et al.?® and Kang et al.,*" the
Lennard Jones parameters of the bridging and terminal
hydroxyls are kept the same as those for water. The atomic
charges and the van der Waals parameters for both the
nonhydroxylated and the fully hydroxylated rutile surfaces are
reported in Table $1.2"?°° During all of the simulations, the
surface groups (hydroxyl groups and bridging groups) were
kept exible while the bulk atoms were kept xed. The total
charge of the fully hydroxylated and nonhydroxylated surfaces
is zero.

Simulation Details. Protein Conformation Sampling in
Water. First, to relax the protein structure, a 5 ns long
simulation of the protein immersed in water (0.15 M ionic
strength) was performed (thermal equilibration data shown in
Figure S11). Next, the relaxed HMGB1 water system was
combined with both fully hydroxylated and nonhydroxylated
TiO, surfaces. The HMGB1 water TiO, system is composed
of roughly 10° atoms. We considered six initial orientations of
the relaxed HMGBL, which di er in their directions relative to
the surface as shown in Figure 2.° These geometries were
made by aligning the TiO, surface parallel to each face (labeled
A Fin Figure 2) of the box consisting of HMGBL, solvating
water, and 0.15 M ionic strength sodium and chloride ions (to
mimic physiological conditions).”®>"*® The TIP3P water
model was used to represent water.

The protein was initially kept 15 A above the TiO, surface,
and the overall solvation box of 84.45 x 74.00 x 100.00 A% was
made periodic in all three directions with 50 A of vacuum both

above and below (see Figure 1d). Two repulsive walls were
maintained at the water/vacuum interface and the surface/
vacuum interface to prevent molecules from di using across
the periodic boundary onto the “back” side of the titanium
surface.”® The solvated and ionized systems were rst relaxed
at 300 K for 100 ns under constant volume conditions (NVT),
restraining the protein to its initial coordinates using harmonic
constraints (k = 2 kcal/(mol-A2)).?>° The constraints on the
protein atoms were removed gradually during the last 20 ns. A
12 A cuto was used for the van der Waals and short-range
electrostatics interactions, while the long-range electrostatics
were treated by the particle mesh Ewald technique. Thereafter,
another 150 ns production run was performed for each system.
All of the simulations were carried out using the NAMD
software package (v.2.13)°* and visualized using VMD."

To quantify the most favorable orientation, the number of
contacts, minimum distance between the protein and the
surface, hydrogen-bond count (de ning the hydrogen-bond
distance and the angle between the donor and the acceptor as
less than 3.5 A and less than 30°, respectively®), and the
interaction energy between the protein and the surface were
calculated.”®?” The number of contacts was measured
considering the number of protein residues within 7 A of the
uppermost titanium atom layer. The minimum distance (L)
is de ned as the vertical separation distance between the
uppermost titanium atom layer and the atom closest to the
surface in the entire protein. The average over the nal 20 ns of
the trajectories was considered for the analysis. The time-
averaged total nonbonded interaction energy (electrostatic +
van der Waals) and energy contributions from the electro-
statics and the van der Waals interactions between the protein
and the TiO, surface were separately calculated (including the
particle mesh Ewald long-range electrostatic contribution)
using the NAMDenergy VMD plug-in. The most favorable
orientation showing the strongest interactions with the surface
was chosen for further analysis.

E ect of lons on Protein Adsorption. In order to explain
the e ect of ions on the adsorption of HMGBL to the titanium
surfaces, we performed water protein TiO, simulations at
di erent NaCl ion concentrations of 0.15, 0.30, 0.50, 0.70, and
0.90 M. The protein was rst placed 15 A above the TiO,
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Figure 3. Results obtained for the six HMGBL conformations on the fully hydroxylated surface. (&) Number of residues within 7 A of the
uppermost titanium atom layer vs time. (b) Interaction energy between the protein and the surface vs time.

surface and then solvated with TIP3P water to obtain a 84.45
x 74.00 x 100.00 A® rectangular unit cell. The resulting system
with a total charge of 5 e (the charge of HMGB1) was
neutralized at di erent ionic strengths by adding di erent
amounts of sodium and chloride ions. In the initial
con guration ions were placed randomly and homogeneously
in the water phase. The CHARMM36 force eld is used to
describe the water and ion parameters. Then NVT simulations
at 300 K were conducted to equilibrate the system with the
protein atoms restrained to their initial positions for 5 ns (k =
2 kcal/(mol-A%)). Then, the protein was gradually released
over the next 10 ns, and the system was run for another 100 ns
at 300 K. The protein adsorption to the surface was quanti ed
using the number of contacts, minimum distance, hydrogen-
bond count, and interaction energy. Since the average results
(number of contacts, interaction energy, and L,) remained the
same after 100 ns in the 150 ns protein sampling simulations
(for example, the average number of contacts for conformation
F on the nonhydroxylated surface after 100 ns is 19 =+ 2, which
remained the same after 150 ns), only 100 ns long simulations
were performed at di erent ion concentrations to save
computational resources.

To quantify the orientation of the HMGBL1 protein with the
fully hydroxylated and nonhydroxylated TiO, surfaces at
di erent ion concentrations, rst the angles between the three
principal axes of the protein and the TiO, surface normal
vector (z direction) were measured considering the dot
products. The principal axes of inertia of a protein are a set of
eigenvectors that passes through the center of mass of the
protein corresponding to the symmetry of the protein, related
to the proteln s mass distribution. Following Foote and
Raman®" and Harrison et al.,* the principal axes of the
protein were calculated and are shown in Figures S12 and S13,
and the angles between each principal axis and the surface
normal were measured. To show the correlation between the
protein orientation on the surface and the ionic concentration,
heat maps were generated (Figure S14). Here, the protein
orientation was represented by the angle between principal axis
3 and the surface normal vector in the z direction. The dipole
moment vector angle of the protein with the surface normal

was measured using the vector dot product to further quantify
the orientation (shown in Flgure 5$15).%° To further compare
how the protein adsorption varies with its orientation over
time, heat maps were generated considering the distance
between each protein residue and the surface during the
adsorption at di erent ionic concentrations (Figures 10 and
S16).

RESULTS AND DISCUSSION

Protein Conformational Sampling in Water. In this
study, we performed MD computer simulations to obtain
molecular-level understanding of the interactions of HMGB1
with titanium implants that can occur following device
implantation and the onset of in ammatory and healing
events. In order to study the e ect of titanium surface
hydroxylation on the adsorption of HMGB1, two neutral rutile
(110) TiO, surfaces, namely, fully hydroxylated and non-
hydroxylated, were prepared (Figure 1). If a protein is initially
far from the surface, it will have enough time to rotate and
approach the surface with a preferred orientation for
adsorption. However, given the time scale limitation of MD,
in order to sample this protein orientation preference, six initial
scenarios are considered in which HMGB1 is initially
positioned near the surface in di erent orientations (Figure
2).%2 In these initial con gurations, the protein was placed
above the surface with a protein surface minimum distance of
15 A, which is outside the van der Waals cuto (Figure 2).
Then, the most favorable protein orientations for adsorption
on the two surfaces were determined for further study. To
mimic physiological conditions, the aqueous systems were
prepared with 0.15 M NaCl.>">®

During the simulations, we observed that some orientations
clearly favored surface adsorption while others showed
unstable adsorption including migrations along the surface
and desorption with time. To quantify the adsorption of the
protein to the surface, four main parameters were used:*° the
number of contacts, the interaction energy between the protein
and the surface, the time taken for HMGBL to adsorb and
stabilize on the surface (with no migrations), and the
minimum distance between the protein and the surface
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Full

2ns

25ns

Non

6 ns

20 ns 100 ns

Figure 5. Time lapse images of conformation F adsorbing on fully hydroxylated and nonhydroxylated TiO, surfaces. Coloring as follows: A box,
red; linker loops 1, blue; B box, cyan; linker loop 2, lime green; C-terminal tail, magenta; surface oxygen, red; titanium, pink; surface hydrogen,

white.

(Ly). The main interacting residues were also monitored to
understand the types of protein surface interactions.

Among the six conformations of HMGBL1 studied on the
fully hydroxylated TiO, surface, conformation F exhibits the
fastest surface adsorption (2 ns, Table S2). It also shows the
strongest interaction energy and the largest number of
contacts. The number of contacts increases over time for
conformation F until the interaction energy stabilized at
around 580 kcal/mol after 85 ns (Figure 3). The results from
the di erent orientations (A F) show noticeable di erences.
Therefore, on the time scale considered in this study, we can
say that protein conformation F exhibits the strongest binding
to the surface. Con gurations A and E show large minimum
separation distances and lower or zero contacts, indicating a
weak adsorption preference to the surface compared to other
orientations.

While the behavior of the six di erent conformations of
HMGB1 on the nonhydroxylated TiO, surface was somewhat
di erent from the fully hydroxylated surface, interestingly, the
strongest adsorption to the surface was again observed for

conformation F. Figure 4a clearly shows the highest number of
contacts between conformation F and the surface, even though
it is not the conformation that rst binds to the surface (Figure
4 and Table S3). Although for this surface there is not an
obvious di erence in the interaction energies in Figure 4b,
when we consider the average value over the last 20 ns,
conformation F exhibits the highest average interaction energy
as reported in Table S3.

The simulations clearly show orientation-dependent protein
interactions. For some orientations HMGB1 does not adsorb
to the TiO, surfaces during the considered time frame.
Orientation F displays the strongest adsorption to both
surfaces. Therefore, protein orientation F was selected for
further analysis.

Structural Dynamics and Protein Surface Interac-
tions. In order to study the surface-induced adsorption
behavior of the HMGB1 protein in detail, we investigated the
structural dynamics of protein conformation F at the titanium
implant interface. Since conformation F displays a substantially
higher adsorption preference than the other ve conformations
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on both fully hydroxylated and nonhydroxylated TiO, surfaces,
we rst examined which residues are initially close to the
surface (Figure S1). In conformation F, the C-terminal tail and
linker loop 2 reside close to the surface; speci cally the side
chains of E186, E187, E188, E189, D190, E191, E192, D193,
E194, E195, D196, E197, E198, E199, E200, E201, D202,
E203, E204, D205, and E208 in the C-tail and K167, D169,
Al170, and K185 in loop 2 point directly at the surface while
some parts of box A (S53, A54, K55, and K59) lie in the
vicinity of the surface (Figure S1). This is evidence for the
importance of electrostatic interactions between the surface
and the charged and polar residues of the protein. The initial
orientation of conformation B shows some similarities to
conformation F in that more of box A and some parts of the C
tail point directly at the surface; hence, it shows the second
strongest adsorption to both surfaces.

After 2 ns, conformation F comes within 7 A of the fully
hydroxylated surface through residues D193, E194, E200,
E189, D180, and D190 in the C tail and linker loop 2 (Figures
5 and 10). These residues immediately stabilize on the surface
and bring more residues from the C tail and loop 2 to the
surface. After about 60 ns, some residues of box B and box A
were observed to be adsorbed on the surface, causing structural
changes in the protein with the C-terminal tail positioned
parallel to the surface (Figure 5).

The rst contacts of protein conformation F with the
nonhydroxylated surface are established by the E200, E199,
D193, E194, and E189 residues of the C tail (Figures 5 and
S$16). However, these interactions were observed to be
transient, and a rotation of the protein was observed over
time to increase its surface binding. About 20 ns later,
interactions with residues K90 and D91 in box B initiate stable
contacts, bringing the protein closer to the surface (Figure 5).
Over a longer time span, some residues from box A (K7, H27,
and K28) were observed to migrate and stabilize on the
surface. As a result, the C tail was not observed to be aligned
parallel to the surface. This shows that even though the initial
protein conformation above the two surfaces was the same,
di erent absorption patterns were observed (Figure 5) within
the 150 ns time frame under consideration, indicating that the
surface characteristics play a major role in protein adsorption.

Tables S2 and S3 list the main interacting residues of protein
orientation F with the two titanium surfaces over the last 20 ns
of the adsorption simulations. When we compare these
residues, we can see that acidic residues and basic residues
show high a nity for both the fully hydroxylated and the
nonhydroxylated surfaces, which is in accordance with the
literature.>**%” "° Due to van der Waals attractions, some
polar and nonpolar residues were also observed in the vicinity
of the surface. To quantify this, we measured the electrostatic
and van der Waals interaction energies between HMGB1
conformation F and the fully hydroxylated and nonhydroxy-
lated surfaces in Figure 6. The results indicate that electro-
statics play a major role in protein adsorption. Over the last 20
ns of the simulations, the electrostatic interaction between
HMGB1 and the fully hydroxylated surface is greater than that
in the nonhydroxylated system. The large uctuations of the
total and electrostatic interaction energies (Figures 4b and 6)
observed in the HMGB1 nonhydroxylated TiO, system reveal
the weaker binding of the protein on the nonhydroxylated
surface. We noticed that the van der Waals interaction energy
between the protein and the nonhydroxylated surface is higher
than that of the fully hydroxylated surface (see Figure 6).
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Figure 6. Electrostatic (solid lines) and van der Waals (dotted lines)
interactions between HMGB1 conformation F and the fully
hydroxylated (red) and nonhydroxylated (blue) surfaces. For the
electrostatic interactions, a smoother trendline is also shown for
clarity.

However, collectively the electrostatic and dispersion inter-
actions cause a signi cant di erence in the time-averaged total
protein surface interaction energies of the two systems
(Tables S2 and S3). In summary (see Tables S2 and S3), we
conclude that the fully hydroxylated TiO, surface has a greater
a nity for HMGB1 compared to the nonhydroxylated TiO,
surface. In an aqueous environment, we observed the direct
binding of HMGB1 to the TiO, surface regardless of its
hydroxylation state, which causes structural changes to the
protein (Figure 7).

Structural Dynamics of Water and Hydrogen Bonds
at the Interface. To further investigate the di erent
adsorption mechanisms observed above, the behavior of
water at the interface was studied. Visual inspection of the
molecular dynamics trajectories revealed a well-structured layer
of water molecules at the interface for both neutral titanium
surfaces (Figure 7). These layers seem to a ect the adsorption
of protein to the surface.>*°®” "® Three structured water layers
were clearly visible near the nonhydroxylated surface and two
layers near the fully hydroxylated surface. To quantify the
distribution of water at the surface, density pro les normal to
the interface were constructed. Figure 8 shows the average
density distribution over the last 20 ns as a function of distance
from the surface. The water density pro les on the fully
hydroxylated and nonhydroxylated surfaces show excellent
agreement with the pro les reported in work by Skelton and
Walsh®® and Kang et al.” From Figure 8, the water in the
interfacial region and the bulk region can be clearly
distinguished by the varying density and constant density of
water oxygen atoms, respectively.

The density pro les in Figure 8b for the nonhydroxylated
surface show a peak corresponding to the bridging oxygens at
2.5 A and peaks at 3.5, 5.9, and 8.7 A for the rst, second, and
third water layers, respectively. These strong peaks support the
more pronounced rst two layers of water observed in Figure 7
(for the nonhydroxylated surface). The hydrogen density
pro le in Figure 8b shows a peak at 4.1 A, following the water
oxygen peak at 3.5 A which corresponds to the rst water
adlayer. This peak clearly shows the orientation of the rst
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Figure 8. Average atomic density distribution of water oxygen (OW), hydrogen (H), surface bridging oxygen (OB), surface terminal oxygen (OT),
and surface titanium atoms (Ti) on the (a) fully hydroxylated TiO, and the (b) nonhydroxylated TiO, surfaces as a function of the distance from
the uppermost titanium atom layer. Average over the last 10 ns. Lower panel shows the di erent water layers observed on the surfaces and the

nomenclature used in the manuscript.

layer of water, where the water molecules point their hydrogen
atoms away from the titanium surface. The next two hydrogen
peaks in Figure 8b at 5.1 and 6.1 A, around the oxygen peak at
5.9 A, show the orientation of the second water layer where
only one of the water hydrogen atoms faces the bridging
oxygen atoms on the surface. A similar water distribution was
reported on the neutral nonhydroxylated TiO, surface by
Skelton and Walsh,*® who studied hexapeptide adsorption on
the rutile (110) surface. We observed a water depletion region
between the rst and the second water layers. It is observed
that no water penetrates to the surface, which is re ected by
the zero overlap of the water pro le with the surface.®®

A reorientation of the water molecules was observed near
the hydrophilic TiO, surface as a result of strong electrostatic
interactions.®> Due to the strong network of hydrogen bonds,
the rst layer of water on the nonhydroxylated surface is very
stable and prevents other molecules from directly adsorbing
onto the surface. Therefore, essentially no protein residues or
ions pass beyond this rst layer of water (Figure 7b). Even the
molecules that transiently pass through the rst water adlayer
were repelled as time passed. This also explains the lower
number of contacts between HMGB1 and the nonhydroxy-
lated surface and the higher minimum distances (>4.7 A) in
Table S3.

On the fully hydroxylated surface, the density distribution
show peaks at 1.7 and 2.3 A, which correspond to bridging
oxygen atoms and terminal oxygen atoms, respectively (Figure
8a). Then, an oxygen peak at 4.3 A and a hydrogen peak at 4.1
A show the arrangement of the rst layer of water. Since the
fully hydroxylated TiO, exclusively has hydroxyl groups on the
surface, water molecules near the surface (the rst adlayer)
tend to orient by facing hydrogen atoms toward surface oxygen
atoms and water oxygen atoms toward surface hydrogen
atoms. On the other hand, the hydroxyl groups on the surface
are also ohserved to orient to capture the approaching water
molecules, thereby minimizing their energy.®® Since the
hydroxyl groups on the fully hydroxylated surface have similar
parameters to the OH groups of water, a similar gap is
obtained between the surface hydroxyl peak and the rst water
oxygen (OW) peak in the density pro le. In contrast to the
nonhydroxylated system, less ordering of the second water
layer was observed in the hydroxylated system, as evidenced by
the peak height in Figure 8. Clear ordering and density
modulations were observed up to 8 A from the hydroxylated
surface and up to 10 A from the nonhydroxylated surface.

In order to further explore the in uence of water on protein
adsorption, we examined the hydrogen bonds formed at the
interface before and after protein adsorption. We rst
performed 25 ns simulations of water/TiO, without a protein
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or ions using both the fully hydroxylated and the non-
hydroxylated surfaces. To explain the results, we introduce
some terminology as follows (see Figure 8). The rst water
adlayer on the nonhydroxylated surface is denoted as Nonl,
and the second water layer is denoted as Non2. On the fully
hydroxylated surface, the surface OH groups are denoted as
Fulll and the rst water layer as Full2.

The Nonl intralayer hydrogen-bond count uctuates less
than the other layers (among both surfaces), con rming a
stable rst water adlayer described in the previous section
(Figure S3a and Table 1). However, the number of intralayer

Table 1. Average Number of Hydrogen Bonds in the
Presence and Absence of Protein (Conformation F) and
lons (0.15 M lonic Strength)

no. of H bonds without protein and ions with protein and ions

Fulll Fulll 403 +£ 21 363 + 28
Nonl Nonl 20+ 6 23+6
Fulll Full2 98 +9 87+ 7
Nonl Non2 148 + 9 147 £ 9
Full2 Full2 396 + 21 389 + 22
Non2 Non2 419 + 26 359 + 27

hydrogen bonds in the Non1 layer is lower than the number of
hydrogen bonds between the Nonl and the Non2 layers. On
the other hand, in the fully hydroxylated system, the Fulll layer
shows more intralayer hydrogen bonds than those between
Fulll and Full2, thus reducing the possibility of hydrogen-bond
formation between the Fulll and the Full2 layers, which is
consistent with the observations of Monti® and Wang et al.”* It
was also found that the number of hydrogen bonds between
the Fulll and the Full2 layers on the hydroxylated surface was
lower than the corresponding number (between Nonl1-Non2)
on the nonhydroxylated surface. From Figure S3a and Table 1,
it can be seen that on the nonhydroxylated surface, an average
of 148 hydrogen bonds connect the Non1-Non2 layers, and an
average of 98 hydrogen bonds connect the Fulll Full2 layers.
The lower number of interlayer hydrogen bonds close to the
fully hydroxylated surface is a major reason the protein and
ions can move closer to this surface as seen in Figure 7 and
results in a higher number of protein contacts as observed in
Table S2.

When we compare the nonhydroxylated data in Table 1, no
signi cant change was observed in the presence or absence of
protein, in the intralayer Nonl hydrogen-bond count, nor in
the interlayer hydrogen-bond count between the Nonl and the
Non2 layers. However, in the fully hydroxylated system,
noticeable changes were observed in the number of hydrogen
bonds with and without the protein.?” In Figure S3b and Table
1, we observed a decreasing trend in the Fulll Full2
hydrogen-bond count and the intralayer hydrogen-bond
count over time as the protein adsorbed onto the fully
hydroxylated surface. This indicates that as the protein reaches
the surface, the existing hydrogen-bonding network is
disrupted and the possibility to form hydrogen bonds with
the protein increases with time. To con rm this, we measured
the number of hydrogen bonds between the protein and the
water layers with time and observed an increasing trend
(Figure S4). The number of hydrogen bonds between the
protein and the surface, the protein and the rst water adlayer,
and the protein and the second water layer in the fully
hydroxylated system is higher than that in the nonhydroxylated

system (see Figure S4). In addition, when the protein is
adsorbed, we observe a small increase in the number of water
molecules in the Full2 and Nonl layers®’ (see Figure S5),
which indicates that the protein brings some water molecules
(that are already attached to the protein) closer to the surface.
However, this will not a ect the intralayer or interlayer
hydrogen-bond counts in the existing layers because for the
new water molecules the sites available for hydrogen-bond
formation are already occupied by the protein.

Details of Protein Binding at the Surface Water
Interface. In the fully hydroxylated and nonhydroxylated
systems, the side chains of some protein residues adsorb onto
the surface, mediated by the interfacial water layer. Figure 7
and Table S4 show the details of the protein adsorption at the
interface. On the time scale considered in this study, more
residues were adsorbed on the fully hydroxylated surface
compared to the nonhydroxylated surface. Charged residues
were recognized as the main interacting residues in both
systems compared to polar/nonpolar residues. From Figures
7a and 5, we can clearly see that on the fully hydroxylated
surface, some adsorbed residues travel very close to the surface
and interact with the Fulll layer (surface OH layer),
replacing the water in the Full2 layer. At the same time,
other groups stay in the third water layer (Full3) region and
interact with the Full2 layer. If we look at the orientation of the
charged residues that travel very close to the fully hydroxylated
surface in Table S4, we can see that the oxygen atoms in the

COO groups of the ASP and GLU residues tend to form
hydrogen bonds with the hydrogen atoms of the surface OH
groups. On the other hand, the hydrogen atoms in the NHj*
group of the LYS and ARG residues form hydrogen bonds with
the surface hydroxyl oxygen atoms.

As shown in Figure 7b, the protein residues on the
nonhydroxylated surface do not disturb or pass through the
Nonl water layer and thus maintain a certain distance from the
surface. However, some residues do interact with the surface
bridging oxygens. Most of the adsorbed residues are located in
the Non2 Non3 region. In Table S4 we can see that the ASP
and GLU residues have their COO group oxygen atoms
interacting with the hydrogen atoms in the Non1 water layer.
Conversely, in the LYS and ARG residues, the hydrogen atoms
in  NH;* form hydrogen bonds with the surface bridging
oxygens (NonO layer) and water oxygens in the Nonl layer.

The separation standard deviation of all of the residues listed
on the fully hydroxylated surface in Table S4 is less than the
separation standard deviation on the nonhydroxylated surface,
which indicates that the protein is more stable on the
hydroxylated surface than on the nonhydroxylated surface. On
the nonhydroxylated surface, we also observed that some of the
residues (for example, for D213 Ly, = 4.66 A and for K87 Ly, =
4.66 R) that traveled much closer to the surface during the
simulation were transient and did not remain on the surface.
As shown in Table S4, for acidic residues such as ASP and
GLU, in both systems, atoms traveling to the vicinity of the
surface are oxygen atoms in the  COO group. On the other
hand, among the basic residues, it is mainly NH;* hydrogen
atoms that approach the surface.?”**’? When considering the
average distance (L) over the last 10 ns reported in Table S4
for the charged residues absorbed on the fully hydroxylated
surface, we can see that LYS (a basic residue) gets closest to
the surface. On the other hand, in the nonhydroxylated case,
ASP (an acidic residue) approaches closest to the surface.
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E ect of lons on Protein Adsorption. In the previous
section, we discussed the e ect of interfacial water molecules
on protein absorption on the two neutral TiO, surfaces. When
examining the molecular behavior at the interface, we observed
that in addition to water, ions also showed some in uence on
protein adsorption. Therefore, to study the role of ions on
protein adsorption, we performed HMGB1 water TiO,
simulations at di erent sodium chloride (NaCl) salt
concentrations of 0.15, 0.30, 0.50, 0.70, and 0.90 M on both
the nonhydroxylated and the fully hydroxylated TiO, surfaces.
HMGB1 conformation F was used as the initial protein
con guration for these simulations. Figures S6 and S7 show
the ion distribution of each system on the fully hydroxylated
and nonhydroxylated surfaces after protein adsorption (after
100 ns).

For the fully hydroxylated TiO, interface, the ions are
strongly adsorbed onto the surface due to their electrostatic
interactions. When the ionic strength of the medium increases,
the number of ions adsorbed on the fully hydroxylated surface
also increases (Figure 9). Interestingly, as the ion concen-

Figure 9. Total number of ions adsorbed (within 7 A) on the fully
hydroxylated and nonhydroxylated surfaces vs ionic strength.
Snapshots of HMGBL1 conformation F adsorption on the fully
hydroxylated surface in water at 0.15 and 0.90 M ionic strengths.

tration increases, the ions tend to form a double-layered
structure on the surface (Figure S6).2%"* Sodium ions form the

rst monolayer on the surface, and chloride ions form a second
layer. Figure S8 shows the average density distribution of
cations and anions over the last 10 ns as a function of distance
from the surface.

The cation distribution on the fully hydroxylated surface in
Figure S8 shows a sharp peak indicating a structured layer
adsorbed on the surface. The anion peaks are broad and
located above the cation layer, thus forming a double layer.
The heights of the peaks indicate that the degree of adsorption
and ordering of anions is a factor of 6 lower than that of
cations on the fully hydroxylated surface.

On the other hand, the cation and anion layering on the
nonhydroxylated surface is not as prominent as on the fully
hydroxylated surface (Figures S6 S8). Compared with the
fully hydroxylated systems, the peak heights for the non-
hydroxylated system are a factor of 3 lower. Still, as the ionic
strength increases, more ion adsorption occurred (Figure 9).
Interestingly, the ions failed to penetrate the rst water adlayer
for the same reason as that explained in the previous section.
From the simulation trajectory snapshots in Figure S7 and the
density distribution curve in Figure S8, a randomly distributed
mixture of cations and anions is observed in the vicinity of the
surface without forming a clear double layer as was seen on the
fully hydroxylated surface.

On both the fully hydroxylated and the nonhydroxylated
surfaces, the peak heights of the sodium and chloride ions
increase with increasing ionic strength (Figure S8). Therefore,
as seen in Figure 9, as the ionic strength increases, the total
number of ions absorbed on the surfaces also increases. The
increase in the amount of ions adsorbed on the fully
hydroxylated surface is greater than that on the non-
hydroxylated surface. Moreover, the adsorbed ions on both
surfaces tend to shield the protein from directly binding to the
surface. Therefore, as the ionic strength increases, less protein
adsorption occurs (see Figures S6 and S7).

To understand the mechanism of protein adsorption at
di erent ionic concentrations, we measured the number of
contacts, the minimum distance between the protein and the
surface, and the interaction energy between the protein and the
surface. Time-dependent traces of these quantities are shown
in Figures S9 and S10. From Figure S9 we can see a signi cant
decrease in the number of contacts and in the interaction
energy when the ionic concentration increases from 0.15 to
0.90 M. From the results in Table 2, we can rank the protein
adsorption extent under di erent ion concentrations on the
fully hydroxylated surface as 0.15 > 0.30 > 0.50 > 0.70 > 0.90
M

This shows that when the ion concentration increases, the
adsorption capacity of the protein on the surface decreases. As
previously observed, at high ion concentration more ions are
adsorbed on the surface and tend to shield the protein from

Table 2. Time-Averaged Results of HMGB1 Conformation F on the Fully Hydroxylated TiO, Surface at Di erent lonic

Concentrations®

ionic time taken

main interacting residues

strength  to adsorb  no. of contacts energy
(M) (ns) (no. of residues) (kcal/mol) Ly (A)
0.15 2 312 577.7 = 60.6 39+02
0.30 14 14+1 4797 £502 4203
0.50 11 10+1 4384 £ 495 4603
0.70 12 8+1 3427 +439 47+02
0.90 62 6+1 139+375 47+x03

A160, A164, R163, D169, D190, D193, D205, D211, D212, D213, D214, E189, E194,
E195, E199, E200, E201, E206, E209, E210, E215, 1159, K157, K165, K167, K76,
P168, P80, T77, Y162, Y78

D190, D196, D214, E191, E192, E195, E197, E200, E201, E204, E215, K184, K29,
K30

D193, D196, E191, E192, E195, E197, E198, E199, E200, E201
D190, D193, E189, E192, E194, E195, E199, E200
D33, H31, K28, K29, K30, P32

SAverage over the last 20 ns (from the 100 ns adsorption simulation). The amino acids are represented by their single-letter abbreviations. The
results of HMGB1 conformation F on the nonhydroxylated surface at di erent ionic concentrations are given in Table S5.
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Figure 10. Heat map showing the distance between each residue of the HMGB1 protein and the fully hydroxylated surface with time at di erent
ionic strengths. Color scale bar shows the residue surface distance in Angstroms. Distance is measured as the z distance from the uppermost
titanium atom layer to the center of mass of the residue. Results of the nonhydroxylated systems are shown in Figure S16.

direct binding. In general, small ions and water molecules
compete with proteins to adsorb to the surface.’® Since they
can di use faster than large protein molecules, water and ions
will adsorb and structure on the surface before the protein can
reach the surface. This can block the protein from adsorbing.
From Figure S9b we can see the proximity of the protein to the
surface in the presence of ions. It is clear that as the ion
concentration increases, the time required for protein
adsorption increases (Figure S9b). At an ionic concentration
of 0.15 M the protein reaches the surface within 2 ns, whereas
at an ionic concentration of 0.90 M the protein takes about 62
ns to stabilize on the fully hydroxylated surface (Table 2) and
even then is farther from the surface compared to the lower
ionic strength cases (Figure S9b).

A similar protein behavior was observed for the non-
hydroxylated systems with increasing ionic concentration
(Figure S10). However, the di erences with ionic strength in
the number of contacts and the interaction energy are not as
pronounced as in the fully hydroxylated case (Figure S10).
Tables 2 and S5 show the minimum distance reached between
the protein and the fully hydroxylated and the nonhydroxy-
lated surfaces in di erent ionic environments. The minimum
distances are higher for the nonhydroxylated systems
compared to the fully hydroxylated systems. This is because
the rst water adlayer on the nonhydroxylated surface can
repel ions and protein residues so that they cannot directly
adsorb to the surface. Tables 2 and S5 report the amino acids
closest the surface in each case.

To quantify the orientation of the HMGBL protein with the
fully hydroxylated and nonhydroxylated surfaces at di erent
ionic concentrations, the angles between the three principal
axes of the protein and the TiO, surface normal vector (z
direction) were measured. Figures S12 and S13 show the nal
simulation snapshots with the three principal axes of the
protein in each system at di erent ionic concentrations. On
both the fully hydroxylated and the nonhydroxylated surfaces,
the results revealed that the angle between principal axis 3
(symmetry axis) of the protein and the surface normal vector
(in Table S6, angle 3-Z of both surfaces) decreases with
increasing ionic concentration (see Table S6, Figures S12 and

S13). This suggests that at lower ionic concentrations the
protein tends to orient parallel to the surface due to the
protein’s ability to form more contacts with the surface. Hence,
more collapsed and denatured protein orientations were
observed at lower ionic concentrations. To clearly show this
correlation between the protein’s orientation on the surface
and the ionic concentration, heat maps were generated
considering the orientational changes of the protein with
time (Figure S14). From Figure S14 it is observed that in both
the fully hydroxylated and the nonhydroxylated systems when
the ion concentration decreases the protein (principal axis 3
angle with the surface normal) adopts a more parallel
orientation to the surface.

Next, the dipole vector angle of the protein with the surface
normal was measured to further quantify the orientations.
However, no useful relationship between this dipole angle at
di erent ionic strengths was observed (Figure S15). The heat
maps in Figures 10 and S16 show the distance between each
protein residue and the surface during the adsorption at each
ionic strength. The results reveal which regions of the protein
interact the most with the fully hydroxylated surface compared
to the nonhydroxylated surface and which regions reach the
closest to those surfaces over time, a ecting the orientation of
the protein at di erent ionic concentrations (Figures 10 and
S16).

The overall results show that as the ion concentration of the
medium increases, the protein direct adsorption ability on the
surface decreases and the protein tends to orient less parallel to
the surface.

Clinical Implication and Future Directions. Immuno-
modulation has recently been studied as an emerging approach
to adjust in ammatory events caused by implant placement to
improve osseointegration and repair.” By making appropriate
modi cations to the implant surface, it is possible to regulate
in ammatory responses in order to accelerate the osseointe-
gration.”* To develop new surface strategies, one can try to
take advantage of the bene cial modulatory e ects of host
molecules on healing response such as HMGB1.

HMGBL has been proposed as an essential component at
the implant protein layer to drive early implant osseointegra-
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tion in homeostatic conditions."> Therefore, knowledge of the
HMGB1 implant interaction will be very useful to develop
new immunomodulatory strategies to treat patients with
greater susceptibility to early implant failures due to underlying
conditions (e.g., a defective immune response associated with
diabetes). However, when developing surface modi cation
strategies for modulation of key proteins or soluble mediators
on implant surfaces, the structural stability of the protein and
its accessibility to cell receptors are important factors to
consider. As we studied the behavior of HMGB1 on titanium
surfaces in water, we observed that a direct and irreversible
binding of HMGB1 to the TiO, surface can cause partial
denaturation of the protein which can a ect its biological
functions. Therefore, a compromise between stable adsorption
of the in ammatory mediator and maintenance of its activity is
crucial when developing immunomodulatory surface ap-
proaches. The observed behavior of HMGBL1 with increasing
ionic strength should be of great interest toward future design
strategies to avoid the direct adsorption of host proteins to the
surface, thereby preserving their biological properties.

CONCLUSIONS

In summary, we performed MD computer simulations to
understand the HMGBL protein interactions with rutile (110)
TiO, implant surfaces a ected by surface hydroxylation using a
neutral fully hydroxylated and a neutral nonhydroxylated TiO,
surface. The simulation results indicate that under aqueous
0.15 M ionic strength conditions, HMGB1 is most likely to be
adsorbed on the surface regardless of surface hydroxylation,
which can cause partial denaturation of the protein and a ect
its biological functions. Particular orientations of HMGB1
showed preferential adsorption; among the six HMGB1
conformations we studied, conformation F, which initially
points most of the charged residues directly at the surface,
showed the strongest adsorption on both surfaces. However,
the absorption mechanism of this HMGB1 conformation was
observed to be di erent on the two di erent surfaces,
illustrating the e ect of surface interactions on protein
adsorption. On both surfaces, the electrostatic protein surface
interactions are found to play a major role in protein
adsorption compared to van der Waals interactions. The
fully hydroxylated TiO, surface shows a greater a nity for
HMGBL1 than the nonhydroxylated TiO, surface. Moreover,
surface-induced protein structural changes were observed,
which may a ect the HMGBL receptor binding pathways. On
both surfaces, charged residues are considered to be the main
interacting residues that can rst bind to the surface. The
oxygen atoms of the COQO groups in acidic residues and the
hydrogen atoms in the NH;* groups of basic residues were
observed to be in close proximity to the surfaces. On the fully
hydroxylated surface, basic residues such as LYS can get closer
to the surface than acidic residues, while on the non-
hydroxylated surface, acidic residues such as ASP move closer
to the surface.

The protein adsorption mechanisms on the two TiO,
surfaces are observed to be a ected mainly by the structure
of the water molecules and ions at the interface. Due to strong
electrostatic interactions, well-structured layers of water
molecules were observed near the TiO, surfaces that in uence
the adsorption behavior of the protein. Due to the strong
network of inter- and intralayer hydrogen bonding, a very
stable rst water adlayer forms on the nonhydroxylated surface
which prevents other molecules from directly adsorbing onto

the surface. In contrast, for the fully hydroxylated system,
proteins and ions can penetrate the rst water adlayer and
reach the surface by disrupting the existing hydrogen-bond
network. On the fully hydroxylated TiO, surface, the ions are
strongly adsorbed to the surface due to electrostatic
interactions and are positioned very close to the surface
compared to the nonhydroxylated case. As the ion concen-
tration increases, the ions on the fully hydroxylated surface
tend to form a double-layer structure with excess cations
adjacent to the surface. On the other hand, the layering of
cations and anions on the nonhydroxylated surface is not as
prominent. As the ionic strength increases, the total number of
ions absorbed on both surfaces increases. The increase in the
number of ions adsorbed on the fully hydroxylated surface is
higher than that on the nonhydroxylated surface. Since small
ions and water molecules di use faster than large protein
molecules, they will adsorb and structure on the surface before
the protein can adsorb and can prevent HMGB1 from binding
to the TiO, surface. We rank the protein adsorption capacity
under di erent ion concentrations on both surfaces as 0.15 >
0.30 > 0.50 > 0.70 > 0.90 M, which is to say that when the ion
concentration increases, the protein adsorption capacity on the
surface decreases and the protein tends to orient less parallel to
the surface. Finally, considering the results of the current study,
it is believed that the time frame considered is su cient to
determine the protein adsorption behavior on the titanium
implant surfaces. These ndings indicate that there is a huge
potential for introducing ions or ionic materials to the surface
to modulate the HMGB1 surface interactions and to prevent
the protein’s direct adsorption to the surface and structural
changes that may a ect its activity. We believe that these

ndings will encourage the development of challenging and
important bioimplant materials, protein delivery techniques,
and surface technologies in the future.
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