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ABSTRACT

Nanoparticle-protein interaction is one of the important aspects of xenobiotic materialsin biological
environments. Larger nanoparticles can effect on proteins structure and caused more decrementsin
their hydrophilicity. All proteins have certain binding affinity to nanoparticles called, Vroman effect.
This effect is coupled with free Gibbs energy alteration in energy profile of free proteins and their
adsorbed on nanoparticles. However, there are no evidences that show how and why hard corona is
a protein fingerprint. This study showed that, larger proteins having higher molecular weight and
less helix structures attitude to larger nanoparticles. According to statistical analysis, unlike
previous studies, it found that the size of nanoparticles is more important than their hydrophobicity.
From a thermodynamic point of view, larger nanoparticles have more contact positions than the
smaller; so whole energy transmitted from larger nanoparticles is higher. This result indicated that
the energy transmitted from smaller nanoparticles to protein, could be transferred to aqueous
environment more than larger ones. In addition it demonstrated that, energy parameter could be
used as reference parameter for explaining protein attitude to nanoparticle. Whereas nanoparticles
can play a role as seeds for protein fibrillation, it isimportant to consider that how they selected for
a specific experiment. For example, in targeted drug delivery systems, nanoparticles act as good
carriers. S0 according to nanoparticles characteristics and protein features in target cells, tissues
and organisms nanoparticle-protein interactions could be predicted and then experimentally tested
with respect to decrementsin probability errors.
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INTRODUCTION
Special characters of nanoparticles (NPs) can taffest organisms and biological systems. One of the
most important NP’s characters is their surfaceetioime ratid™. It is well known that biological fluids
that have proteins, interaction with NPs-protemsi@cessary. It is proposed when the NPs enterinto
cell or biological fluid, they are surrounded wifitoteiné. Proteins girdle the NPs and build an
environment so called corotia One well cited assertion in a literature aboutona is that it is
constructed according to different affinity of pits toward NPs® °*! It is constructed from an outer
and an inner layer namely soft and hard, respdgti/&
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While the outer layer has more exchange rees {) and lesser affinity to NP; the inner layer hageno
affinity and less exchange' It is established that protein corona is an Wetaand reversible
mechanisrt. In some references this equation illustrate@as. 2. As a consequence, the hard corona
considered as a fingerprint of a NP in a biologfttati®**

Dissociation Rate

Equation 1: Exchange rate = —
Association Rate
. Kon [PL.INP] Koff
Equation 2: P+NP S P—NPKy-——_2
K [P=NP] ~ Kon
off

Where theKy is dissociation constant, [P], [NP] and [P-NP] #ne equilibrium concentration of free
protein free NP and the protein-NP complex, respelgt K andK,, are the dissociation and association
rate constants, respectively. It should be notited in some references the word adsorption is used
instead of affinity""”. However the proteins placed in the hard and/ér ;mrona may be different in
several factors such as hydrophobicity, kinéficharge, secondary and tertiary structures andtbare

are other factors can affect the interactions of-pgiReins. These interactions belong to NPs
characteristics such as hydrophobicity, particleetynd even inequality of NP surface or sfi¥fle
Among those, hydrophobicity has the most influencethe interaction of NP-protéth The proteins
hydrophobicity lays on the presence of hydrophainiéno acids in their structure. Hydrophobicity lisca
related to the NP affinity to hydrophobic regionf psoteins which depend on their covered chain
derivatived" % In this report it had been shown that, activitywechymotrypsin (ChT) almost blocked
via negative Au-NPB. While the use of long chain surfactant such asalkan thiol, alcohol and £
alkan, considering the surfactant nature, the igtdf ChT was restored This research mentioned that
however thiol containing surfactant made more reaibn; the G-chain alkan had slighter reactivation
activity. Probably it resulted in the hydrophobfteet of surfactants. Although the thiol-gold iraetion
encourages the hydrophobicity of NPs, thecBain alkan exposed less hydrophobic surface”amdRs
hydrophobicity can manipulate by change of the ingatirea that covered NPs. Coatings based on
different surface charge can classify into threlegeries: positives, neutrals and negatives. Orother
hand, hydrophobicity may relate to the other NPdgase characters. So chemical features can be
considered as criterion for the surface of PNevertheless, investigators use zeta potentitiiércase

of large-scale screening of NPs and proteins intienat>?*? It means that the NPs charge variations can
affect the proteins structure and its affinity t@$N Furthermore, it leads to assign the coronadtiom,
which may then change the zeta potetftidlherefore, the variations on zeta potential isnalicator of

the proteins binding to NPs. Goy-lopetzal has been shown that NPs having high hydrophobiesd
more albumins to saturate their surfaceo the increment in NPs hydrophobicity will inase the
stoichiometry. They also claimed that, whatever Ripdrophilicity is, the binding time of albumin Wil
increase and the exchange rate decreased. Therdéfoseems the hydrophilicity increment (with
manipulated NPs coating) will lead to thicker haamona formation. In other word, NPs coat can
decrease the NPs agglomeration, non-specific catiprgand NP-toxicity***> Moreover, according to
Lynch et al. following the human adult hemoglobin (Hb) bondedPs, its secondary structure changed
and the percentage efhelix has decreas&dIn addition, proteins were having more hydropbaiino
acids rather than those having more hydrophilicnamacids, on their native structure, got stronger
change following the adsorption on NPs

There are several metallic, metal oxide, semicotwtiand silica cores such as Au, Ag, CdSeCOrand
single wall nanotubes (SWNTSs) used to construatibNP<®? It is obvious that each core has its own
features that can affect the corona. One of thet mggortant features is Surface Plasmon Resonance
(SPRY. SPR generally is the collection of conductivectlns oscillation attributable to the resonant
excitation by the incident photdfis
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In NPs, SPR is a criterion to show the oscillatidrelectrons on the cores. Resonance is relatéieto
interfacing of two parts such as NPs and reactidietmand it can be vary based on different NPS@and
reaction milieu. Actually, when a coat for a NP veé®osing, the goal is change the effects of care o
NPs surrounded environment. Another factor, thigicés NP-protein interaction intensively, is theesof
NPs and even proteifis?

Molecular weight (MW) of proteins formed from twanps, the numbers of amino acids (size of proteins)
and the amino acids side chain. It has been repdhi@t proteins with less flexibility, will have de
tendency to small NPE Small NPs have more surface curvature rather ldrge NP$'>% Whatever
NP-curvature be increased, numbers of its surfaomsa will increase; so chemical properties will
increase tod In other words, small NPs have more surface-lome ratio rather than large NPs.
Additionally; it had been shown that the incremienNP-size, the proteins adsorption on NPs or caron
thickness will increase With the increment in NP size, the numbers oftgirs binding position will
increase. Ifn; be the appropriate contiguity positions on NPs gooteini, the numbers of binding
positions on NP calculated iBqu. 2°:

Equation 3: n = 4m (rNP + ri)/nri

Whichryp is NP-radius and is protein radius. In some studies, investigateported that NPs (in case of
Cso fullerenes) does not influence on adsorbed cordtiomal proteiﬁS. But NPs size influence on
chemical ligands positioned around the NPs. Fumtbee, the interaction of chemical ligands to each
other could affect proteins adsorptionlt has been reported that proteins adsorbed os ¢éRsed
decrement iru-helix***” and the protein hydrophilicity had been decreagedteins such as enzymes
have different behaviors when they adsorbed orPNPE There are many reports that showed enzyme
activity had decreased after they had been adsanbédlPs. When proteins adsorbed on NPs, from their
active sites, cause structural perturbation (dicesitact or alter structure such that effect orivig}t
which cause the enzyme activity prevent or at léadecrease In spite of this, if it doesn’t have any
perturbation in active site, enzyme activity wi# protected It has been proposed there are at least four
approaches for NP-protein binding involved : 1)celestatic adsorption, 2) covalent interactionhie NP
ligand, 3) protein cofactor attachment on NP andirct protein adsorption, based on an amino acid,
the NP coré Lynch et al. reported that, electrostatic adsorption is thestmimportant one amongst
them?. Moreover,Aubin-Tomet al. proposed that direct attachment of proteins ors NiRd the
attachment of proteins based on protein cofactoN&s caused proprietary attachnie@ne of the
important aspects of nanomaterial study is prdieilation*®*. In one side, it is believed that the NPs
that are presents in brain cells can act as afooramyloid proteins and catalyze formation of pint
fibrillation?>***? But there is no complete quantitative data angdiclomodels can explain this
phenomenon. On the other side, there are some ne@deshows that, NPs and biocompatible
phospholipid nanomiseles prevent aggregation aeprs in Alzheimer’s disea®&”. Also, hydrated &
fullerenes prevent beta amyloid fibrillatidnin fact, the knowledge about potential protebrifiation is

far from comprehensive reason. Furthermore, thexgparameters which should be considered, such as
biochemical properties of those proteins placedard and soft corona individually, interaction beén
proteins and reaction milieu molecules before aftel adsorption on NPs and finally protein-protein
interaction before and after contact to NPs andRtevious study showed that NP-coatings have more
effect on corona construction and composition th&@ssizé. These investigations usually more focused
on NP propertié§??®4344 Also, they mainly considered on corona compasitand their change
following the adsorbeéd™? In this study, firstly statistically analyze thN#°-size which is more important
than coting in corona composition. Thereafter thetgin adsorbed on NPs and their structural and
thermodynamic properties were studied. This studlyhelp to design special NPs and apply them in
biological media to reduce perils. In one sidehad shown that hydrophilic coating construct lighte
corona than hydrophobic orfés
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On the other side, small NPs could cross out tHroomgpmbranes and barriers, such as blood brain
barrief®“*® So, the design of NPs according to target cellsheip to better management and utilize them
into the biological environments. Investigation®wkd that larger NPs could better change the protei
structures and caused their fibrillation. But thare no comprehensive reasons for this phenoméditnis.
study tries to explain mentioned phenomenausing ttieemodynamic and structural properties of
proteins.

MATERIALS AND METHODS
Dataset generation
Interaction of NP-Protein was extracted from puddlion by Lundqviset al. entitled “Nanopatrticle size
and surface properties determine the protein cowgtiapossible implications for biological impact$”
All proteins were extracted from the protein datgbaf NCBI (http://www.ncbi.nlm.nih.gov/protein/).
The signal peptides of proteins had identified flAdMIPROT database (www.uniprot.org) and removed.
Protein characterization
Protein sequences were characterized with the fdsimolecular weight, isoelectric point, GRAVY,
aliphatic index and instability index using EXPASMtabase tools(http://web.expasy.org/protparam/).
Average flexibility of proteins had been calculatbdsed on other tools of EXPASY database
(http://web.expasy.org/protscale/). Amino acid ecéerization including aromatic and aliphatic amino
acids, charged and non-charged amino acids, pokmid size of amino acids was carried out EMBOSS
(http://www.bi.up.ac.za/cgi-binfemboss.pl?_actiowptit&_app=pepstats). According to Rosteal. Tyr
was placed in hydrophilic amino acfdisAmino acid composition of proteins was calculateded on
CLC Main Workbench V. 6.6.2.2. Secondary structirall proteins was computed using Geneious V
6.0.6.Enthalpy of proteins had been calculated hasespdb viwer V.4.1.0. At first, structure of feo
proteins that experimentally exist in PDB databf@sép://www.rcsb.org/pdb/home/home.do) had been
extracted. But these structures did not exist fopmteins. Therefore, structures of other prateirad
predicted based on Phyre (http://www.sbg.bio.ialdphyre2/html/page.cgi?id=index).
It should be noticed that, some proteins had naidgorediction and removed. At last, all structures
imported to program. For increment of energy migation accuracy, it had taken H-bonds construction.
Protein pairwise alignment for those proteins aosdron each size of NPs had been taken through NCBI
database tools and blastp, separately
(http://blast.ncbi.nim.nih.gov/Blast.cqi?PAGE_TYHHastSearch&BLAST SPEC=blast2seq&LINK L

OC-=align2se}y

Data analysis

Related calculation of protein datasets was peddrmsing Microsoft Excel. Then the average of all
proteins in different class (each sizecoating proposed as a class) for each parametecaleulated.

Net charge of a protein was the algebraic sumlahalrged amino acids presented in each

proteir’’. It had been computed based on:

Equation 4:
20

Zaifi

i=1

Where, the 20 referred as amino acids illustratgd Bheai for positively charged amino acids was 1
and for negatively charged amino acids was -1 andther amino acids was 0. Theavas the frequency

of occurrence of amino acids All proteins related parameters were expressechean values which
were calculated based on summation of each parafoeteach size and coating divided into number of
proteins in each class.

Analysis of Variance and multiple comparison ofgldreatments performed based on two and three
levels factorial of sizeand coating, respectivéty.addition the experiments was designed imbalanced
completely random using Statistica V. 10.
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RESULTS
It had shown that NPs size decrease, with no atemd their coat, caused to change in the secgndar
structure of proteins and lead to impressive deeréa helix blocks {able 1). Most parts of helix and
turn blocks included polar amino acids, most pdrsteand blocks constructed from non-polar amino
acids™. It seems that with increments in NPs size, protsidrophilicity had decreased. According to
Kyteet al., hydrophobic proteins have more GRAVY index titla@ hydrophilic one$>* The GRAVY
score is the average hydropathy score for the whaleo acids involved in protéfir>*¢ Our data
showed if NPs size increased, the protein hydrojeitghwvould increase. Thus, according to secondary
structure data and GRAVY scores, with increasing NRe, protein hydrophobicity have increased. It
had been reported that proteins with lesser MWrhatk affinity to smaller NP§ while low MW ones
have more flexibility. Whereas flexibility have iers relation with thermostabil® it seems that the
thermo stability of native proteins attached to ks was lesser than the thermostability of reativ
proteins adsorbed on larger NPs. The thermostalifitnative proteins means the thermostability of
proteins before their attachment to NPs. Althoug thermostability of proteins after their sorptiom
NPs had not direct relation with its natives, itthaported that the thermostability of proteinscaded
on NPs had been increasedt seems after proteins adsorbed on NPs, theiitiility had decreased, and
the thermostability of them had increased. Aliphatidex is a criterion that shows the thermostibili
measurement of a protein and calculated from Expgagséf. According to our investigations this index
was higher for smaller NPs, except in the caseeotral coat. It seems that based on small amirdsaci
and aliphatic index (thermostability index), flelity of those proteins that attached to larger NiRsst
be higher than those attached to smaller NPs.tBitoiuld be noticed that in addition to flexibilityhere
are more factors which influence the thermostabilit proteins such as “Cys+Ser”, “Tyr+Thr+Asn”,
helix blocks and solubilif§. In one side, it had shown that helix structuresewvmore in adsorbed
proteins on smaller NPs, on the other side liteeatisserted that the entropy of helix structuraadse
than strand®. Therefore, this index revealed that the flexipibf proteins adsorbed on larger NPs should
be more. According to Mahmouial., proteins that adsorbed on specified NPs, wispeet to their size,
had rather narrow pH rarmgeOur study suggested that isoelectric point oftgins that adsorbed on
smaller NPs was lower than proteipisthat adsorbed on larger NPEaple 1). Interestingly, proteins
adsorbed on both small and large NPs demonstratephthan each of them.
It is well known that the presence of certain difpgs in N-terminal of several proteins is sigrafitly
different in the unstable proteins compared tolstane&"®2 Based on the impact of these dipeptides,
other index had calculated namely instability i€k According to this index, instable proteins will
have more than 40 values, while stable proteinshaive less than 40 values. Our results showed that
instability index of proteins adsorbed on largersN®erehigher than the smaller NPs. Moreover; etiec
size on the adsorbed proteins instability index wigsificant. Therefore proteins adsorbed on smalle
NPs physiologically were more stable than thoserdsl on larger NPs.
Table 1 showed that the Ala in adsorbed proteins on smalles was higher than larger NPs.
Furthermore, Cys, Asp and Pro percentage were highihe case of proteins adsorbed on larger NPs
than smaller ones. Mean scores of other amino @ed=entage, in each size, was almost equal€l).
In addition, the presence of some amino acids ssckbharged Pro and Gly as gatekeeper regions in
beside of aggregation-prone regions, naturallyepresthe protein aggregatfii® Our data showed that
charged amino acids were almost equal for smalllangg NPs. While Pro and Glyattached to larger NPs
were more than smaller NPs, (table 1); the preseh€ys in proteins increase the probability oftpio
aggregation toB. It had been found that the amount of Cys in pnstadsorbed on larger NPs were more
than the smaller one. Additionally, previously mened that as positions contactof proteins on large
NPs were bigger than the smaller NPs, they had reorface area than the smaller NPs. So it seems
protein perturbation on larger NPs occurred moaa tine smaller NPs.
NP’s coating is one of the important factors affegton protein adsorption of charged amino acids.
Neutral coating had lower effect on proteins adsonpon NPs than charged amino acids. Nevertheless,
the percentage of Pro and Gly for neutral coating more than charged coating.
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Besides, this percentage in negative coating wase moticeable than positive coating. Also, the
percentage of Cys in adsorbed proteins on neutraireg NPs was higher than charged amino acids.
Alike Pro and Gly, negative coating NPs had momegmage of Cys than positive coating NPs.

It seems with respect to these factors; neutrajatiee and positive coating will have most effeat o
protein fibrillation, respectively. Finally, theskata increase our knowledge that larger NPs witlirak
coating had more influence on protein fibrillatiand smaller NPs with positive coating had lesser
influence on fibrillation.

Lynchet al., have drawn a great deal with attention on bigdihHb (Hemoglobin) on Cds QDs, which
alters the conformation of Hb and decreased thie bucture of proteirtd What we found suggested
that those proteins that attached into smaller INBsmore helix structure in comparison with layérs.
While, proteins adsorbed on positive coating hademdifferentiation in secondary structures; other
coating had lesser turn structures. It seems tbaprateins adsorbed on smaller NPs had lower
connection, accessible residues to reaction mgrebably more than adsorbed proteins on larger NPs.
is because contact positions on larger NPs were rif@n smaller ones. Helix structures have more
accessible residues and hydrophilic proteins hageerhelix structures than hydrophobic proteins. So,
hydrophilic proteins have more accessible residhes those hydrophobic. Our data revealed that,
proteins attached to charged coating had higherMav those attached to neutral coating. In addition,
attached proteins to charged coating NPs had hilyh&r than proteins attached to negative charged
coating. According Goy-loper al. and Mahmoudgt al.relevant studies, the numbers of proteins that
adsorbed on larger NPs were more than numbersotéips that adsorbed on smaller RiP$However
data mentioned that NP coating had very much inflee on numbers of proteins adsorbed on NPs; it has
been observed that positive coating had most addgoboteins on smaller NPs. Moreover, larger NPs
with negative coating had adsorbed proteins moaa thther coatings. In addition, those proteins that
adsorbed on both 50 and 100 nanometer had mostamarob neutral coatingr&blel). According to
Deianat al., hydrophobicity of proteins having less than 266idues was more than those with 200
residue® On the other hand, it had been reported that Ipyarbic amino acids have more entropy than
hydrophilic or polar amino acitf®® Furthermore, the strand structures have moreomntand
hydrophobic amino acids than helix offe©ur study demonstrates that helix blocks percgntavhich
showed percentage of helix structures, and hydhoiphmercentage of proteins adsorbed on smaller NPs
were more than larger NPs. It should be noticetighateins with more hydrophobic residues, will dav
better spatial conformation.In some referencesetamino acids called “order-promoting regityi®®

It seems larger NPs tend to positive charge prsteimile smaller NPs attitude to negative net oharg
proteins. Therefore those proteins attached toetaMpPs had more basic amino acids than proteins
attached to smaller NPs.

According to statistical analysis, enthalpy, wejghtstability index, alanine percentage, asparagine
percentage, Pro percentage, acidic amino acidemp@ge and net charge had a significant relatipnshi
only with size alterationof NPS &ble 2). Also, helix structuregyl and the percentage of Cysteine had a
significance relation with size and the interactidrsize and coating. In addition, aliphatic indegy and
Ser percentage, the percentage of small, moddemtgs and aliphatic amino acids percentage, had a
significant relation with only interaction of siznd coating of NPs. While, there are no remarkable
relation between the coating of NPs and proteinasdtaristics Table 2); Duncan test showed levels in
each factor had statistical significant differentagplementary data).

Lundqvistet al. claimed that “the coronas around two differeedi neutral polystyrene particles are
very similar, with=80% homology between the two coronas, suggestiag the molecular (e.qg.,
hydrophobic) properties are more important thae &iz that caseé®. They suggested that whereas those
adsorbed proteins on small and large NPs (in cseutral coating) were almost identical, the NP
coating had more influence on protein adsorpti@mftits size. But for study of NPs size and itsuefice

on protein adsorption, proteins that only adsorptimall or large NPs must be considered. As atresll
proteins that adsorbed only on smaller NPs hadnadigwith those adsorbed on larger NPs. This
alignment had been taken based on pairwise alignfneh multiple alignments). Thereafter the identit
of each two proteins, having similar coating, haskrb determined. According to pairwise alignment
results, those proteins adsorbed on smaller aggdadPs had no significant identity (or no homology
this word applied when two proteins or nucleic acidescendent from common ancestdrable
3A,B,C).
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Table 1: mean scores of all proteins adsorbed on &ananoparticle with special size and coating

100 100&50 50

Amine Plain Carboxyl  Amine Plain Carboxyl  Amine Plain Carboxyl
Average flexibility 0.604 0.593 0.596 0.603 0.604 0.609 0.591 0.597 0.591
Enthalpy -2322 -15428.5 -18400 -10012 -18874 -12907 -10999 -2803 -10775
Coil(block) 0.297 0.318 0.293 0.301 0.292 0.289 0.299 0.289 0.292
Helix(block) 0.119 0.207 0.165 0.198 0.161 0.18 0.197 0.218 0.225
Strand(block) 0.224 0.186 0.217 0.231 0.22 0.227 0.209 0.179 0.205
Turn(block) 0.358 0.287 0.324 0.268 0.326 0.302 0.294 0.312 0.276
Weight 74.83 37.476 78.059 93.954 71.162 73.26€ 52.181 12.706 30.52
Total residues 679.875 333.8 716.562 847 637 669 492.461 114.333 292
Weight(side) 37.727 19.638 39.836 48.103 35.945 37.252 26.761 7.328 16.357
Isoelectric point 7.717 5.956 6.345 6.712 6.747 6.946 5.753 5.136 6.395
Aliphatic index 66.81 83.618 80.781 74.64 72.145 70.302 81.139 71.606 75.27
Instability index 46.083 42.736 43.073 45.404 47.675 47.357 41.547 39.613 37.395
GRAVY -0.457 -0.363 -0.339 -0.594 -0.482 -0.618 -0.37 -0.445 -0.44
Alanine (A) 0.044 0.068 0.056 0.062 0.052 0.054 0.067 0.073 0.077
Cysteine (C) 0.038 0.013 0.025 0.017 0.03 0.025 0.014 0.019 0.015

Aspartic Acid (D) 0.043 0.044 0.049 0.044  0.045 0.045 0.044 0.062 0.042
Glutamic Acid (E)  0.057 0.078 0.062 0.081  0.069 0.078 0.071 0.069 0.079
Phenylalanine (F)  0.037 0.041 0.037 0.033  0.034 0.032 0.037 0.026 0.036

Glycine (G) 0.059 0.054 0.056 0.04 0.053 0.048 0.052 0.036 0.047
Histidine (H) 0.025 0.018 0.02 0.018 0.021 0.019 0.018 0.014 0.014
Isoleucine (1) 0.031 0.033 0.04 0.026 0.03 0.027 0.031 0.034 0.025
Lysine (K) 0.068 0.055 0.057 0.071 0.066 0.073 0.057 0.05 0.063
Leucine (L) 0.068 0.1 0.091 0.09 0.08 0.079 0.095 0.049 0.076
Methionine (M) 0.012 0.016 0.015 0.015 0.012 0.012 0.015 0.011 0.015
Asparagine (N) 0.042 0.032 0.042 0.034  0.043 0.037 0.037 0.025 0.019
Proline (P) 0.079 0.054 0.058 0.047 0.068 0.058 0.051 0.041 0.037
Glutamine (Q) 0.036 0.05 0.044 0.054  0.045 0.05 0.05 0.023 0.047
Arginine (R) 0.034 0.049 0.038 0.044  0.037 0.04 0.034 0.036 0.044
Serine (S) 0.097 0.066 0.078 0.088 0.086 0.085 0.072 0.078 0.072
Threonine (T) 0.08 0.059 0.068 0.064 0.072 0.066 0.063 0.071 0.059
Valine (V) 0.077 0.069 0.067 0.06 0.074 0.066 0.063 0.07 0.066
Tryptophan (W) 0.016 0.015 0.012 0.013 0.014 0.013 0.012 0.014 0.015
Tyrosine (Y) 0.034 0.023 0.028 0.027 0.033 0.032 0.025 0.03 0.026
Small 0.57 0.487 0.526 0.486 0.54 0.509 0.508 0.569 0.496
Large 0.429 0.512 0.473 0.513 0.459 0.49 0.491 0.43 0.503
Hydrophobic 0.391 0.436 0.423 0.383 0.394 0.378 0.425 0.4 0.424
Very polar 0.368 0.387 0.371 0.407 0.387 0.409 0.378 0.367 0.377
Moderately polar 0.24 0.176 0.205 0.208 0.218 0.212 0.196 0.232 0.198
Charged 0.233 0.261 0.24 0.283 0.246 0.277 0.247 0.277 0.276
Non charged 0.766 0.738 0.759 0.716 0.753 0.722 0.752 0.722 0.723
Basic 0.13 0.131 0.123 0.145 0.128 0.143 0.12 0.121 0.138
Acidic 0.102 0.13 0.117 0.137 0.117 0.133 0.127 0.156 0.138
Net charge 0.027 0.0005 0.005 0.008 0.011 0.01 -0.006 -0.034 -0.0001
Aliphatic 0.179 0.214 0.21 0.19 0.19 0.183 0.206 0.182 0.189
Aromatic 0.115 0.104 0.103 0.097 0.106 0.102 0.102 0.103 0.106
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Table 2: the summery of particle size and coatingnd their interaction show by 2x3 factorial ANOVA. “*”
means p<0.05, “**” means p<0.01 and “ns” means nosignificant.

Size Coating Size & coating
Average flexibility ns ns ns
Enthalpy *x ns ns
Coil (blocks) ns ns ns
Helix (blocks) *x ns *
Strand (blocks) ns ns ns
Turn (blocks) ns ns ns
Weight *x ns ns
Isoelectric point *x ns *
Aliphatic index ns ns *x
Instability index * ns ns
GRAVY ns ns ns
Alanine(Ala) *x ns ns
Cysteine(Cys) * ns *
Aspartic acid(Asp) ns ns ns
Glutamic acid(Glu) ns ns ns
Phenylalanine(Phe) ns ns ns
Glycine(Gly) ns ns ns
Histidine(His) ns ns ns
Isoleucine(Iso) ns ns ns
Lysine(Lys) ns ns ns
Leucine(Leu) ns ns *
Methionine(Met) ns ns ns
Asparagine(Asn) * ns ns
Proline(Pro) *x ns ns
Glutamine(GIn) ns ns ns
Arginine(Arg) ns ns ns
Serine(Ser) ns ns *
Threonine(Thr) ns ns ns
Valine(Val) ns ns ns
Tryptophan(Try) ns ns ns
Tyrosine(Tyr) ns ns ns
Small amino acids ns ns i
Large amino acids ns ns i
Hydrophobic amino ns ns ns
acids
Very polar amino acids ns ns ns
Moderately polar amino ns ns *x
acids
Charged amino acids ns ns ns
Non-charged amino acids ns ns ns
Basic amino acids ns ns ns
Acidic amino acids *x ns ns
Net charge *x ns ns
Aliphatic amino acids ns ns *
Aromatic amino acids ns ns ns
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Table 3: (A) the pairwise alignment of proteins adsrbed on each size of nanoparticle separately and
their identity percentage for neutral coating

ISSN: 232005Y

100 P01877.3 P02649.1 P01008.1 P01009.3 P02743.2 41RD2
) ) [0} [0} [0} )
o)) o)) o)) o o o
S S S S S S
o c c c c c c
> £ > & > & > & > & > 8
[0) '_ (0] '_ (] - ] - ] - [0) -
> > > > > >
o o o o o o
P01591.4 29 23 - - 18 39 - 55 38
P02656.1 - - 75 30 46 22 - 97 45
P02766.1 7 44 - - 48 20 14 39 23 30

Table 3: (B) the pairwise alignment of proteins adsrbed on each size of nanoparticle separately and
their identity percentage for positive coating

100 P01857.1 PO01859.2 PO01861.1 P01871.3 P02749.07#02 P12259.4 P03951.1
T2 8 28 238 28 28 238 28 = 8
g S S g S g S g
(o O O (o O (o O (o
P01876.2 100 32 10 32 100 32 100 35 7 14 29 4 23 19 23
P06727.3 4 43 71 4 43 3 35 9 36 54 0 38 13 21
P02652.1 8 33 8 32 13 32 44 7 38 47 1 32 - -
P02656.1 - - - - - - 2 60 - - 1 33 - - -
P05090.1 27 26 19 27 34 21 32 15 - 2 86 4 38
Q13790.2 - - - - 2 57 - - 4 31 3 83 1 24 2 33
0147915 11 31 11 24 9 36 5 67 10 29 32 23
P01009.3 100 7 83 7 83 31 18 2 33 45 22
P01011.2 63 - - - - 10 24 19 20 1 47 1 27 5 57
P02766.1 - - - - - - 2 30 8 44 - - 8 28 1 100
P02751.4 14 30 37 29 26 34 23 53 32 16 25 2 44
P07225.1 3 38 - - - - 10 29 17 50 8 35 2 38 12 36
P08697.3 17 26 16 46 18 40 47 11 31 4 36 4 25
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Table 3: (C) the pairwise alignment of proteins adsrbed on each size of nanoparticle separately and
their identity percentage for negative coating

50 P02766.1 P03951.1 P01008.1 P02652.1 P02656.1 6492

() Q () Q () ()

() [} () [} () ()

> 2 > 8 » 8 » 8 >» 8 > 3

: g : g : :

O (e O (e o O
P01859.2 - 5 35 6 31 32 33 - - 4 21
pP01876.2 31 28 17 23 - - - - - - - -
P01591.4 - - 10 43 5 39 - - - - - -
P01871.3 7 30 1 63 - - 51 44 12 60 20 33
P04114.2 23 30 - - 15 63 65 58 97 45 84 19
Q13790.2 10 46 1 33 3 29 30 24 20 38 - -
014791.5 - - - - - - 75 29 27 27 24 56
PO0751.: 9 50 43 25 7 70 18 40 16 57 - -
P05156.2 35 42 59 33 29 23 18 67 15 40 - -
P05155.2 16 29 5 32 87 26 32 37 32 27 5 25
P01009.3 14 39 7 22 87 30 12 50 - - 5 38
P01011.2 4 83 4 29 87 35 48 26 34 38 32 21
P00747.2 - - 54 37 4 39 42 47 - - 17 25
P02743.2 - - 4 36 11 50 24 45 - - - -
P07225.1 14 39 10 36 12 30 62 24 - - 11 42
P08697.3 - - 4 25 91 30 18 50 37 27 67 25

Fad]

Pt {7

FPnp-f {_

PnNr-u {-

Unfold Fold

B,
Fig.1: Comparison of the smali>(ay) and Large Black) proteins Gibbs energy, (GE), before and afteir the
interaction with nanoparticles,: Unfold proteins GEP;: Fold proteins GEPy,_ : Folded proteins attached to
NPs GE Pyp_,,: Unfolded proteins attached to NPs @, : Folding free change energy,.np :Unfolded
protein-NP absorption free change enelfy;np : Folded protein-NP absorption free change eneX@y.snp
Folding free change energy adsorbed on NP.
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DISCUTION
Our results showed that the hydrophilicity of phoeseattached to larger NPs was more than of those
attached to the smaller. So the interaction offiisé group with aqueous medium was more than aroth
group. It seems for this reason proteins got muretral variations, facing the larger NPs rattiem
the smaller ones. Literature which might shed lightthis is limited and contradicting. Little is duun
that the larger NPs in comparison with the smaliare better SPR (Surface Plasmon resonance) leecaus
with increase of size, the SPR had red-§Hift So at a similar surface area, larger NPs tratsthiesser
energy to each contact position of their interagiemteins. On the other hand, the more surface @frea
individual larger NP in comparison with the smallP caused the more contact positions bf. it
Overalls of SPR and contact position study can thgmize that larger NP transmitted more energy to
their attached proteins. Few reports exist on NB®dnwith plasma proteins, the first visiting ore i
human serum albumin, (HSA) comparing to fibrinogamd high density lipoprotein, (HDY) They
assume that it is because of the higher abundaneA8 in plasma than other proteins. On the other
hand the equilibrium constant of Fibrinogen and HR&s higher than HSA. This mechanism so-called
Vroman effect”’#’S So after a while NPs preferred to attach to Rien and HDL. We want to
emphasize that facing the NPs and proteins is rapdod this feature resulted in NPs “preferredbéo
adsorbed on select proteins following the highariléium constant development. Our data revealed
that, flexibility of those proteins adsorbed orgivand small NPs was almost equal as well as tinepgn
of whole proteins. Statistical analysis proved ttiare is no significant difference between average
flexibility of adsorbed proteins on large/small NA&ble 2). It is not clear why proteins adsorbed on
larger NPs were heavier than those adsorbed orlesteahence their enthalpy is higher too. Accogdin
to Gibbs energy equation, because of the entropyesftioned proteins collection was almost equa, th
only factor could affect Gibbs free energy was alfi

Equation 5: AG = AH —TAS

Which AG is the protein-folding free energy change thatgsal to amount of transmitted energy from a
NP to a proteinAH is total connection energy of each protein dnid temperature, (K, it had been
proposed that this parameter was constant foraieéms).AS is the entropy of each protein.

Therefore, it seems change free energy of protisias adsorbed on larger NPs was more than those
adsorbed on smaller NPs. Since free Gibbs energypobtein laid on the differences between folded a
unfolded structure of a protein, its decrement raetirat the protein can tolerate and take more
environmental energy while its folded structuretiggtlesser folding variations. Consideration reska
mentioned that the proteins adsorption on larges WPh more contact positions was more than smaller
NPS. The related report revealed that the SPR of emhlPs are weaker than larger NPs as well as their
surface contact position which are leSsefs a consequence, the energy transmission frangact
position of smellers is more. On the other handdalNPs having more contact positions and transditt
more total energy. For lightening, it seems aftterfirst proteins and NPs visiting, larger NPs gnefd to
attach to proteins having more negative free Géiergy. In contrast; proteins adsorbed on smalRs N
have lesser free Gibbs energyg. 1).

Equation 6 : AG N—FAGL A AGNpHAG snp

Where\G,, is the protein folding free change enerdyG,.nr and AGine the unfolded protein-NP
absorption and the folded protein-NP absorptioe faergy change respectively. Finally;, +np is the
protein folding free energy change adsorbed on NP.

It had proposed that, the helix structures of sengltoteins were more than larger ones. Also, MW of
proteins had considered at least 5 KDa.

At the constant temperature, native structuresigfer proteins have more free Gibbs energy thafilema
proteins; because they have more enthalpy andmnfExu. 7.1). It had been reported that free Gibbs
energy of folded proteins adsorbed on NPs had Ineere than free Gibbs energy of native folded
proteins®.
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From thermo dynamical point of view, folded prottli® free Gibbs energy of a smaller NP was more
than larger one. This index refers to first cotlisiof a folded protein and a NP. As previously riosred,
amount of transmitted energy from a local positddismaller NP to a protein, was more than larges. on
So, smaller NPs at first collision prefer to bimdproteins, because of transferring more enerdgiem,
than larger NPsHqu. 7.2. Thereafter, contact positions of proteins ogéaNPs and whole transmitted
energy to proteins will increase. So according qoation Equ. 7.3 the free Gibbs energy of larger
proteins on larger NPs should be more than smailtdeins on smaller NPs. Folded proteins adsoribed o
larger NPs prefer to preserve their structures @ndhe other side, larger NPs transfer more engrgy
proteins. Consequently, larger NPs prefer to attadhrger proteins as they can tolerate more inéttesd
energy. When larger NPs attach to unfolded largetems, they may construct more connection with
them than smaller NPs attached to unfolded smpiteeins. So it seems that the enthalpy and enwbpy
unfolded larger proteins on larger NPs was moren thafolded smaller proteins on smaller NPs.
Therefore, the free Gibbs energy of unfolded lapgeteins on larger NPs should be more (equatiéh 7.
Equation 7 (Fig 1):

7.1: NG 1u[>IAG |
7.2: AGS np[>IAG o
7.3: NG t-une>AG el
7.4: AG"unel>AG ]

Where the superscripts L and S show larger andlesnmabteinsrespectively. So there is a questian, th
why proteins adsorbed on smaller NPs have lesststauperturbation? Some reasons can hypothesize.
First, whole transmitted energy from smaller NPsitprotein is less than larger NPs. Second, it seem
smaller NPs tolerate perturbation because adsgrtmdins have more helix structures and, can teansf
the energy to the milieu easily. In another wotlie,decrements of proteins hydrophilic regions Itedu

in the decrements of the interaction between adsbgroteins and aqueous environment. As a result
proteins can easily change to get the best steigtuthat situation. Moreover, helix structures davore
hydrophilic regions as other proteins secondamnyctiires. So proteins having more helix structuris w
have more connection with aqueous environmenedirs proteins having more helix structures and less
contact positions will have more interaction wittuaous environment. Consequently, these data guide
our knowledge that proteins adsorbed on smaller lipposed to be able to transfer more energy from
smaller NPs to aqueous environment. Logically, ¢hergy transferred from smaller NPs to aqueous
environment was more than larger NPs. So it sedasthe enthalpy of surrounded environment of
smaller NPs should be more than larger NPs. Timsindted energy to agueous environment manifested
by thermal energy, so the term “enthalpy” can wsexXplain this. Ningthoujaret al. reported that the
excess enthalpy of SA®IPs had been increased by the decrease of NP% size

According to Table 2 interaction effects of size and coating had sigaift relation with proteins
thermostability. The relation shows using aliphatidex™’”"® This index is calculated based on aliphatic
amino acids, such as Ala, Leu, lle and ¥aBo the interaction effect of size and coating siadistical
significant difference with thepercentage of alifghamino acids too. The aliphatic index has alnmast
significant difference between small and large NRs.a result, it seems the transmitted energy that
turned to excess enthalpy in surrounded aqueousoament of NPs would not have meaningful effect
on proteins structural variations.

As previously mentioned, the stability of proteadsorbed on smaller NPs was naturally more thgedar
NPs. Consequently, the presence of dipeptides termNinal regions of proteins that adsorbed on large
NPs may have synergistic effect on their instabilit

It is doubtful whether the dipeptides nature aBdbe protein adsorption and/or aggregation oretaki?

or their location.
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Not only the percentage of small amino acids intggns attached to larger NPs had been more than
smaller NPs, but also, the flexibility of proteiissaffected by their numbers and side chains lerigth
addition, attachment of proteins to NPs was madfgcted by amino acid numbers or MW of proteins
rather than the side chain flexibility. Generalyder proteins are likely to bind NPs stronger tharaller
ones?®. Statistical analysis showed that the size of MBee significant effect on proteins MW that
adsorbed on large and small NPs. It means thatatieeation of NPs has influence on the selectibn o
NPs by proteins and attachments to them. Ffainle 2 can prove that the interaction of protein-NPs is
affected not only by the percentage of protein’saalsramino acids; but also the size of NPs and the
interactionof size and coating. On the other hanthund that mentioned interaction have been much
more affected by the size of NPs than the contambiofsize and coating. The publication demonstrate
that the numbers of proteins in smaller NPs hardr@were more than those of larger NPshile there
are some others that mentiongce versa®”: the increase in size of NPs caused better pramsorption,
which is logical based oaqu. 3.

Previous studies showed that proteins adsorbedffeneht size of NPs had differept . Despite of this
our statistical analysigl of proteins that adsorbed on different NPs demmatesthat the attachment have
meaningful relation with NPs size and interactiésize and coating. It seems larger NPs prefettazia

to proteins having more basic amino acids. It isabise, in this situation the numbers of contacitipas

will increase and NPs are able to transfer moreggnt® attached proteins. Also, as Duncan test skow
larger NPs with positive coating had statisticalgnificant difference with interaction effect ofah
level of other factors (supplementary data).

The presence of some amino acids such as Ala,A3ysand Pro respecting to adsorbed proteins size is
statistically significant. Additionally, Cys, Lewnd Ser had significant relation with interactionside
and coating of NPs. Ala plays a role in substratmgnition; especially the interaction with noneatbzae
atoms such as carbB8nBut it is unclear that why Alaexisting in protsithat adsorbed on smaller NPs,
yet? As it mentioned previously, total energy ttransmitted to adsorbed proteins on larger NPs was
more than smaller NPs; so it seems the presen€yxfand its resulted disulfide bonds in protehet t
adsorbed on larger NPs, could increase their toderdo transmitted energy. Leu is one of the amino
acids that prefer to place in helix structdfe&Vhereas helix structure had meaningful relatidth w
interaction effect of size and coating of NPs.eéms statistical significant of this interactiorlagical.
One well-cited assertion in the literature is ttied helix role in this statistical significance mays on
Leu. Furthermore, adsorption of proteins on NPa ldnd of physiochemical interaction, so it can be
assumed with the increase of gate keepers (invotyedged amino acids, Gly and Pro) and/or the
increase of NPs surface area, the probability otgim structure disruption will increase. In anathe
words, naturally presence of gate keepers in nattvecture of proteins helps to prevent structural
damage and proteins aggregatidfi®®® %2 But contacting NPs with such proteins, causeddoaf these
regions and leaded to protein aggregation.

Unlike Lindqviset al. that claimed protein adsorption is more affectgdcbating not size, our data
revealed that; identity of proteins that adsorbad\#s with different size but similar coating was n
enough. So it can be claimed that, the coatingrhatk effect on protein adsorption than size. It had
observed that, the density of coaffhdunctional groups and derivatives length couliéefon protein
adsorptiof. It can be concluded that if NPs indifferent sidéh same coating characteristics were used,
the density of coating would be different on eadPsNize. Therefore, size has indirect effect otepro
adsorption by manipulate coating density.From tleelynamic point of view, larger NPs have more
contact positions, so they can transfer more engrgyoteins. Therefore they prefer to attach tgda
proteins, because larger proteins can tolerate rraresmitted energy and transfer it to environment.
Against previous studies that showed coat have raffeet on protein types placed in corbhdt can
concluded that the identity of proteins placediffecent coating were not significant. So, NP-cogthad

not remarkable effect on corona composition. Traulte showed that the adsorbed smaller unfolded
proteins on smaller NPs are more thermodynamisatdiigle than other proteins in any situations.
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NPs could act as seeds in protein fibrillationaddition the illustrated and confirmed that NP-dizere
more effect on protein fibrillation based on pratstructural features.

CONCLUSION
it may some reasons for more proteins aggregati@mched to larger NPs. Briefly, 1) the presence of
more gate keepers and more disruption of thenhe&ptesence of more free Cys, 3) the presence & mo
contact positions on larger NPs, 4) transfer of enenergy to proteins, 5) low helix structures on
adsorbed proteins, and 6) the presence of cerigéptides that naturally caused to instability dée@rbed
proteins (more instability index) which could irdluice on more alteration in structure of proteins
adsorbed on larger NPs and caused their easiezgajgm.
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