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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 i extracellular matrix (ECM) interactions. The ECM adsorp-
tion on nanoscale Ti-topography isdominated bythe C o u | o forbepwe proposed atheoretical modelto 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 Co u | o fodsebonanotopography i 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 C o u | o foteedgenerated 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 C o u | o foreedbgtween nanoconvex and nanoconcave
structures was comparatively analyzed.
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Introduction by the celli extracellular matrix (ECM) interactioris.

. Specifically,cell adhesiono implantsurfaces achieved
In the past few decades, the demand dahopedic 0 to the interaimin between the surface miero
implants has been growing rapidly, especially toa¢ res and cellular receptors, such as integrin receptor
trauma, osteoporosis, bone cancer, joint and spinre di§ 5iginineglycine-aspartic (RGD) sequences on fibro
eases, ett. Success in application of orthopedu:necﬁn (FN) (ECM, red box in Figure 1§.FN can

implants depends on surgeon, patient, and implant fge )y influence the behavior of integrin receptors and
tors? Two leading factors cause implant faiu The trigger downstrearpathways-18

first is the lack of adequate adhering of bone tissue t0p,qtein adsorption is regulated by several factors,

implant surface, which leads to biomechanical l00sing, ey hydrophobicity/hydrophilicity, surface free
The other failure is infection caused by biofiforma energy, pH of adsorbing environment, charge of- pro

. ; ®in, and topographical features of the surfdcg.
caused by the lack of bomg at the bonémplant Therefore, manipating the surface of implants in

i 35 i i
interface”’™ Indeed, the success of an implant blc')mahlanoscale has attracted the attention of researchers

terial in microscale depends on factors of topologic%ecause it can create a topographical niche that regu
featur hemical composition, and mechanj . . .

eatures, chemical composition, and mechansab lates protein adsorptiéh?* and further influences cell
%ehaviors, such as affecting the gene expression of

adhesion, spealing, differentiation, and proliferation blasts® The ad L d by the el
of cells® Surface modification is an effective appro?achOStED asts. e adsorption Is caused by the electro

to improve cell adhesion, bone tissue differentiatiopfatic interaction between charged proteins and implant
and regeneration, and biomechanical performaoice surface?®?’ The ele_ctrostanc force can be manipulated
implants® 1° Nanoscale roughness has been rmbrtby na_notqpographpal features to enh_ance ostgoblast
to have a great effect on protein adsorptibthus gen  a2dhesiorf* In particular, the elecostatic adsorption
erating nanotopography on the surface of implants i<c@" be obtained by linearizing the finite difference
feasible strategy to manipulate cell responses and avBi@issoRBoltzmann  equation  algorith?h. Kabaso
changing the chemical and mechanical featureSiof €t al?’ and Asthagiri and Lenhcff adopted an algo
based implant&13 rithm to further show that implants and osteoblasts are
Cell adhsion to biological materials is crucial at theelectrostatically @racted when the surface charge -den
initial stage of bone implant contaétThe interactions Sity reaches the threshold. Aiming to investigate the
between tissuémplant in the macroscale and cellsinteractive attraction of implant surface charge density
implant in the microscale are illustrated in Figure 1. 1and electric field strength, Gongadze e*astablished
the macroscale, the combination betweemé tissue a model based on highly curved edges of titangum
and implant is dominated by the cellular responses faces and calculated the electric field strength using the
their microenvironment, which are initially influenced Laplaceequation.Their study showedthat nanescale
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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 nidgnte Carlo simulation. The simulation results were
promote the adhé&m of osteoblasts. The differentcomparatively analyzed with the experimental measure
adsorption mechanisms between nanoconeexI ments from atomic force microscopy (AFM). The
nanoconcavsurfacefiavebeerdemonstratehprevi  modelto calculateC o u | o forbe@asimplemented

ouswork, which further influence the human osteat o compare the Coul owibds f ol
blast adhesiof? Regards the adsorptiamechanisms, ferent nanotopographies. Furthermore, the effect of
Canpolat and Tatlisé2presented a model fprotein nanotopographical diameter on the adsorptiafn
adsorptiorwithin achargedsilicananoparticlavith an  nanoconvestructuresvascomparedComparedwith

electrical double layer using finite elemeamalysis. our previous theoretical mod®lthe current model

Atif etal.3®usedalangmuirisothermbasedmodelto  wasdevelopedy achievingp r o t raridommesand
characteriz@roteinandcell adhesioronabiomimetic multiple nanotopographigsrotein interactions, thus
hydroxyapatitsurfaceTheequationsverediscretized | mpr ov e d telmkilitymod el 6 s

in the time dimension and solved numerically using

finite elemenimethod Ercanetal *® proposedalinear NMaterial and methods

regressiorbased protein adsorption model. Canpolat . .

and Tatliso#” also simulated the adsorption of aproodel ing of Coul ombds force be
tein on a structuredanoparticle by considering thenanotopographies and fibronectin

charge regulation by using COMSOL MultiphysicStpg charge density is the key factor in protein adsorp
How_ever,theeffluencyoftheflnlte elementmethods tion and can be regulated y hanotopographi
relapvely onv. Luparsky et é*F?_showed thf’it electro ures®® Inspired by this, nanotopographiesvere
SFat'C force IS an |mporFant driver (_attractloq or repuLelected to adjust the charge distribution, affecting the
S|on)fo_r protelnadsorptlonThestencadsorpt]or_can protein adsorption. The electric field of charged rano
bepreciselycontrolledby designingelectrosaticfield

distributiononth o ndby tuninathei lectri topographies is usually determined by the Poisson
stributiononthesurtaceandby tuningtheisoelectric equation derived from the Maxwell equations of the

points of theproteins. ) ) electrostatic field. The Poissonwegion is expressed as
Based on the electimteraction between nanotopo follows:

graphies and proteins, a realistic model was established

aimingtosimulategheadsorptioomechanismef multi- r2u —5 [ 81p
ple FN and nanotopographies (nanoconvexrero e

concave) vVvia var i aSpeécihicalyof Coul ombés force.
ananotopographicahodelwith chargedensitydistri- Because the free charge is only distributed ostke
bution and Coul omb 6 sThef fadgedfthenamotopograplsitiechbrgensiidtherchne
charge density distribution in two conditions of FNopographyis zero.Thus,the Poissorequatiorfor this
adsorption was further simulated. The firgpothesis situation can be simplified as the Laplace equation
was based on ralom number of FN, and the otloer expressed dsllows:
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Figure 2. AFM morphological characteristics and geometric

densityataspecificpointonthenanotopographin the
initial statecanbeobtainedas:

So =¢€ekp o6b

wheree s the dielectric constant.

Withouttheinfluenceof chargegroteinsthedistri-
butionof theelectrononthesurfaceof thenanotope
graphiessuniform.In thissituation thechargedensity
on the surface of the structure s$s. Considering
charged-N aroundthenanotopographythefreeelec
trons on the surface of nanotopographies redistribute
andreachequilibriumagain.lt is notedthatconforma
tionalchange®f theproteinwerenotconsideredThe
conformationathange®f proteinsareatlowerdimen
sions compared to the nanotopography, which is in
nanoscale. In nanoscale, the distribution of proisins
theprincipalconsderationin thisresearch.

Following the influence of FN, the redistributeléc
tric field strengthwill be changednthebasisof theini-
tial field strength, and the redistributed field strength
can be describedak:

model characteristics of nanotopographies: (a) the
morphological characteristics of nanoconvex surface,

0
(b) geometric schematic diagram of a single nanoconvex surface, En =B +E o7
(c) morphological characteristics of nanoconcave surface, and (d)
geometric schematic diagram of asingle nanoconcave surface. Eu, =Eu, + E”u 88p

where, E”r is the field strength increment along the
radial direction of the nanotopography surface affected
by chaged FN and E”u is the field strength increment
alongthe polar direction of the nanotopography-sur
pographyis transformednto asolutionfor theLaplace face. The detailed modeling process for nanoconcave
equatiorsatisfyingspecificboundaryonditionsSince and nanoconvex structures is illustrate8lpporting
the nanotopographies are spherical crowrsliape Information.
(Figure 2), the Laplace equation in spherical coordi
nates can be established and solved by the method in . e
our previousesearch? odel effectiveness verification

In the initial state, the electric fieldso andEuwo with  The surface charge density distribution of a single
respect to radius and polar angler can be described nanotopographwffectedoy multiplerandomiydistrib-
as: uted FN was compared with the experimentally mea

rau=0 d2p

Theelectricfield determinatiorof thechargedanotoe

E—5 u _ @_'_ mcosu s3b suredpotential.
ro O’ r2 r3
Nanoconvex structure. From the geometric relationship
& b of a single n_ankmppgra_phy affected by r_nultiple ran
E,,=9 a = Esinu d4p dom FN, depicted in Figure 3, the coordinate of a ran

dom FN can be expressed as, f/, 2, and the
coordinate of the diminutive surface on the nanecon
Combining of the two components of the field strengtitex structure can be expressedrasiffu sina, r sinu
ataspecificpoint, yieldstheinitial electricfield strength cosa, r cosu). The distancel between FN and the
Eo at a specific point on the surface of the nanotopogrdiminutive surface is expressed as shown in equation
phyas: (9):

d5p =

uo @ L
(x8 rsinusina)®>+3yd rsinu cosab? + 8z

EReRA R

r cosup®

T
oE 2 4 roE 2

According to the relationship between the electric field o%p

strength and the surface charge density, the charge



Thedeterminatiorproces®f thechargedensityonthe
nanoconcavstructureaffectedoy multiplerandonFN
wasthesameasthatonthenanoconvesstructure.

Results and discussion
x 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. Thre 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
tionsin differentrandomstates(Figures4 and5).

The number of rarmm proteins affects the surface

Similarly, the distance.between FN and the origin charge density. The charge density distribution in case
be expr)éssed}%ﬁ%@éﬁﬁ@wso the angl® betwmgan 1 was significantly different, a large randomness was
the radius and the straight line which connectsthe ooserved and the charge density could not be -accu
andthediminutivesurfacecanbeobtainedasfollows:; ~ rately predicted (Figure 4(a)). The charge density in

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

. b4 case 2 wa stabler, the charge concentration was-basi
s R+y+2Z cally on the top of the nanoconvex surface, vilts
b = arccos ord 010p  concentratiortrend being more obviousin case3. The

charge density distribution in Figure 5(a) showed that

the charge density distribution on the nanoconcave
Accordingto theproposedheoreticaimodel theelec  structure had a large uncertainty and the charge density
tric field intensitydistributiononthenanoconvesur-  distribution on nanoconcave structure was generally
face can be obtained, considering the influence ibfegular. The top of the nanoconvex surface had a
multiple randomproteins andthesurfacechargeden  high-density charge at the location closest to the FN
sity redistributioncanalsobeobtainedTheredistribu  (Figure 4(a)). However, in the caséthe nanoconcave
ted and normalized narsurface charge densisy is surface, the charge at the edge with the minimurm dis

obtained from equatiofil). tance was relatively scattered (Figure 5(a)).
To compare the number of FN on the surface charge
s = %S 511p density in different random states, the three cases were
1 Qu 0 randomly calculated 25 times. Then the charge density

error of the nanoconvex surface after each randoemiza
tion was calculated as:
L@ [t

s2 gl 4 + s2

whereQy isthe total surface charge beforedistribu
tion, Qu is the total surface charge after redistribution

considering multiple random proteins, asd is the Er= HiiiE 013p
surface charge density in the initial stddefore 5 st.. 5
1 L WW%% n
sl + sl

redistribution.

Wheresi andsznare the charge densities of the diminu

Nanoconcave structure. The coordinate of a single ran tive surface at the same location for different cases. The

dom FN in the nanoconcave structure was similar &rors were calculated according to equation (13) as
that in the nanoconvex structure, expressekas ©. shown in Figure 4(c).

The diminutive surface on the nanoconcave structure iSThe error analysis in Figure 4(c) shows that when
expresseds(r sinu sina, r sinu cosa, 2r cosu) inthis  thenumberof randomFN was30and40, theerrorsof
coordinate system and the distance between them i@ charge density difbution in different random
follows: states were relatively higher. Among the 25 random
statesthereweremultiple errorsof morethan4% and
one more than 5%. The charge density distribution
errors caused by 40 and 50 random proteins were
iR smaller. In particularthey were less than 4% and the
r cosu)p® maximum error was 5% in the majority of states.
8120 Whenthenumberof randomproteinswas30, thedis-
tribution of charge density on thenotopography

d=
L e
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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 & In Figures 4(d) and 5(d), the red curve is the poten
the charge density distribution in this situation leadtial intercepted from the experimental result, and the
large randomness that could not be predictedhén blue curve is the charge density distribution determined
caseof 40proteinsthenanotopographgurfacecharge according to the proposed model. A single nanoconvex
densityy becamdessrandomandmoreconcentratedn structure can be regarded an isolated conductor, and
top of the nanoconvex surface due to the increadsidé relationship between its charge and voltage can be
number of FN. As the protein number reachedli®®, obtained as:

charge density distribution had no significantin Q s
domlychanged¢comparedvith 40randonproteins. U= = _s 014pb
Similarly, the charge density distributierrors for c C

nanoconcavstructures affected by different numbers

of random FN are presented in Figure 5(c). Tifei-  \whereQ is the chargeC is thecapacitance of the nano
ence of FN number on the charge densiistribution convex structure, an® is the area of the required
of the nanoconcave surface was smaller than thtteof charge.
nanoconvexne. Equation(14) showsthatwhentheareaandcapaci

The numerical results were compared witte tanceare constant, the voltage is proportional to the
experimentatesultsto verify theproposedheoretical charge density. The surface of nanotopographies was
model.Thepotentialonthenanotopographwasmea negatively charged, featured with inversely prepor
suredoy AFM. To ensureaccuracyf theexperimental tional. Therefore, the formula shows that the higher
results,apointontheedgeof thenanotopographsur  thechargedensity thelowerthevoltageandthelower
facewasassignegotentialzero.Thenthepotentialon the absolute value of the potenties.
thenanotopographgnaline alongtheradialdirection Comparisorbetweerthesimulationandtheexper
wasmeasuredandthepotentialcurvewasobtainedas mentof thenanoconvestructuren Figure4(d) shows
shown in Figures 4(b) and 5(b). The effectivenafss thevoltageatthetop of thenanoconvesstructurewas
this model can be verified by comparing fhetential lowerthanthevoltageatthebottom.Dueto thenega
of a nanotopography on the curve (the truncg@i@d tive charge being concentrated on the top, and the
in Figures 4(b) and 5(b)) with the theoretichlarge absolute value of the potential on the top was smaller
density. than that at the bottonihus, 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 absignored?’ until the effect of the limit distance between
lute value of the potential are. Similarly, Figure 5(djwo proteins that generate electrostatic repulsion is no
shows that the absolute value of the potenti@s longer considered. In order to represent the electrostatic
lower at the region with higher charge density onthee pul si on of t he proteinso
nanoconcave surface, and the distribution followed @ftonte Carlo randomization was employed in the simu
inversely proportional relationship.h€ charge density lation of FN distributions. Random distribution of pro
curve obtained by theoretical simulation waesically teins at different limiting distances was considered.
consistent with the experimental results. Therefore, Aiccording to the mathematical model, the nauoface
could be concluded that the proposed model is ablediearge density distribution under mulépproteins ran
predict the charge density distribution on the nanotdomly distributed by Monte Carlo simulation was
pography surface. obtained. Three different limit distances of 6, 9, and
12 nm were compared and the comparison results are
Numerical results based on Monte Carlo simulation. Random  shown in Figures 6 arid
simulations were able to simulate the protein distribu The results obtained by Monte Carlo random simu
tion in a completely random state. However the distriationswere generally close to the results in Section
bution of FN above the nanotopograplas not a 6 6 Numer i c al results based or
completely random state. Other constraints that affecti o For. tlie @anoconvex structure, the higimcen
the random states of proteins need to be discussed. Tfagionof chargedensitywasessentiallydistributedon
Monte Carlo random simulations were carri@dit the top, because the charges warkjected tprotein
based on the constraints. In nanoscale, a cluster of pa@traction. Comparison with the experimental results
tein molecules was consideres a point charge, so ashowed that the charge density distribution on the
minimum limiting distance in nanometers between th¢anotopography, the results of multiple random- pro
two point charges needed to be considered in the raginsby MonteCarlosimulationwerebasicallyconsis
dom process, to efficiently simulate the distribution ofent. Regarding the lirhidistance between multiple
proteins. The limit distance was determined by the-elegN, thesimulationresultsshowedhenegligibleeffect

trostatic repulsion between the two point chargesnthenanesurfacechargedensitydistribution.
When the distance was less than the limit distance, a

large electrostatic repulsion between the two point
charge manifests, making the proteins amestable. Coulomb force analysis of different
Due to the electrostatic repulsion, the proteins U”der%notopographies

relative motion until electrostatic repulsion is no longer

presented between them, that is, the distance betw&asednthetheoreticamodel,numericalsimulations
the two point charges is greater than or equal to iMereperformedo evaluateheeffectof thenanotope
limit distance. The exact value of this limit distance h&&aphyonCoulombforceandthenanotopographgtia-
not beenexplicitly reportedin existingstudiesandwas meter effects on Coulonfiorce.
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Figure 8. Coulomb force between the entire surface of nanotopographies and FN: (a) nanoconvex and (b) hanoconcave.

subsequeninfluencing the FN adsorption. The influ
ence of nanoconvex diameter on FN adsorption was
Nanotopography Nanoconvex Nanoconcave Investigated. With the same offset o_f _the FN, the
surface surface Coulombs force changes due tioe variation of the
nanoconvex diameter. Four diameters of nanoconvex
surfaces with 15, 20, 30, and 50 nm were selected to
compare the Coulombdés force
Coulombs force comparison between FN and entire
Since each nanoconvex/nanoconcave surfaceahassurface of nanoconvex structures with different- dia
adsorption effect on proteins, the adsorption effect ¢Reters is shown in Figure 9. The results show that the
FN was ignored if Coulomb forces were less tha‘.ﬂ"na”er the diameter, the h|gher the number of nano
10% of the maximum Coulomb force. According t&onvex structures that satisfy the Coulombscéor
the model, thevertical Coulomb force that had thedssumption is, and the smaller the Coulombs force of a
effects on the protein attraction was selectied Single nanoconvex structure is. Among these diameters,
comparison. Coulombs force of the 50 nm nanoconvex structure
Coulomb force of a single FN and the entire nanot¥/as the largest when single nanoconvex structure was
pography is shown in Figure 8. Each Cylinder repréonsidered. In order to Clarify this tré, the Coulombs
sents Coulomb force between a single nanoconvd®/ces between the nanoconvex structures with different
naroconcave surface and an FN. It was concluded tigmeters/numbers and FN were calculated, as shown
for all qualified nanotopographies distributed in a cirn Figurel0. .
cle around the FN, Coulomb force generatednbgio The total Coulombs force of the entire nanoconvex
convex structures was larger than that of nanoconcazidface with different diameters on FN (based on
ones. The dark purple regions in Figure 8vere Figure 9) was caldated and compared, as shown in
ignored because Coulomb force was less than 10%Tcﬁb|_e2'
the maximum value. Coulomb force between each Figure9andTable2 showthatthe Coulombsforce
nanoconvex/nanoconcave and FN was accumulaf¥fSinglenanoconvestructurewith alsSnmdiameter
to obtain a total Coulomb force between the entid¥@s the smallest. However, the total Coulombs force
nanotopographical surface and FN, as shown l'ﬂx?twee_n the entire area of the nanotopography with
Tabe 1. It was concluded that the total Coulomg®nNMmdiameterandFN wasthelargest. ]
force of nanoconvex surfaces was 39% larger than 'N€ model has indicated that the smaller the dia
that of the nanoconcav@nes. meters of the nanoconvetructure surface, ttetron
ger the adsorption effect of the protein is. This is
mainlybecausenderthesamereathehighernumber
Co u | oforbe@msalysis of nanoconvexsurfaceswith ~of smaller diameter nanoconvex structures is higher
different diameters than that with a larger diameter (Figure 10). Previous
_ _ _ studie€¥ 42 have mentioned that in the relatively nar
Due to the different curvatures leading toittt®mo- o\ nanesize range, the behavior of osteoblasts had

geneous charge distribution, the surfackarge changed, and smafliameter nanotopographies had
densityisaffectedby nanotopographicalimensions?  ,ore convex edges with high curvature, whighyht

Table 1. Total Coulombforce of different nanotopography.

TotalCo ul o mb §rN) 0.32r c e 0.23




Figure 9. Coulombdés force between FN and nanoconvex structure

lead to higher amount of protein  adsorptiorstructure surfac® In summary, the surface of the
Moreover, the convex edge with the srdihmeter nanoconvex structure with a diameter of 15 nm leads to
nanoconvesstructure was sharper than thatiluélarge a greater Coulombs force, and its protein adsomptio
diameter, to increase the adhesion affinitytlo effect is stronger.



