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CyHGPKOMHBIOTCprle TCXHOJIOI'NHX B HAYKC, 06p8,30BaHI/II/I H IIPOMBIIIJICHHOCTH

«Msarkaa» matepusa — Soft matter




«Msrkaa» matepwusa (soft matter)

OAHO 13 OCHOBHbIX CBOMCTB MANKON MaTepum — cnocobHOCTb POpPMUPOBAHUA UK
camocbHOopKU KpYnHbIX PYHKLMOHANbHBIX 0OBEKTOB M3 Habopa NPOCTbIX CTPOUTE/NIbHbIX HN1OKOB
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«MaArkue» cTpouTenbHble eANHNULbI CamoopraHM3oBaHHaA 0/IMrOMepPHan CTPYKTYpa

Steven W. Cranford and Markus J. Buehler «Biomateriomics»




«Msrkaa» matepwusa (soft matter)

Mpumepbl HEKOTOPbIX TUNUYHDbIX «soft matter» cucrem:

A.Monumepsbl: Npumep — MoaenmpoBaHue clumaHms Tepmonnacrta MN33K (cross-linking) ¢ ucnonbsoBaHnem
MONIEKYNIAPHON AMHAMUKN C AUHAMUYECKN U3MEHAEMbIMU KOBANEHTHbIMM CBA3AMM.

B. benku 1 noamnenTtuabl: rnobynapHbie 6enKn, TPAHCNOPTHbIE 6esku (KaHaibl, 0OMEHHMKM, MOPUHbI),
bepmeHTbl, MeamaTopbl, peuenTopbl — NpUmepbl GYHKLUMOHANbHbIX K MATKUX» BMO-HAHOOOBEKTOB.

C. KnetouHble u 6aKtepuanbHble MemMbpaHbl: MULENbI, BE3UKY/IbI, TMNONOAUCAaXapuaHble MeMmbpaHbl,
NNNNAHBIA BUCNON, BKAKOYAA MHTETPUPOBAHHbIE (MeMbpaHHble) benku.

D.AHK, PHK, Hykneotnapl, BUpyCbl: npumep — moaenb popmmpoBaHua «untosnH-OCHT» HaHOKomnaeKca.

Ve Y "y K

benku v nonnnenTuabl

Tsukanov, Psakhie, 2016 Tsukanov, Psakhie, 2015 Tsukanov, Rotkin, 2007




CyHGPKOMHBIOTCprle TCXHOJIOI'NHX B HAYKC, 06p8,30BaHI/II/I H IIPOMBIIIJICHHOCTH

> «Markaa» matepua — Soft matter




e —
«TBepaasa» matepusa (hard condensed matter)

e MeTanabl  cnaasbl
® /IOHHbIE UK
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KOBaJIEHTHO
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«TBepaasa» matepusa (hard matter): KepamuKa

«CemencTtBo» CIOUCTbIX
rmapoKcnaos

layered hydroxides —

Cnoucrtble ABOMHbIE

KaTMOHHbIE rMuHbI OKcurugpokcmabl | HeMoHHbIe rUHDI

I
I
rmapoKkcuabli :
MOHTMOPUNNOHMT, | Nlenmpokpokut FeOOH, | KaonuHut, cepneHTuH,
ANIOMOCUIUKATHbIE [Mul-xMulx(OH)2]x+[An_]x/n'yH20 : Eemut AIOOH XJI0PUT, UNNIUT,
FNINHbI, CNOADI : nupopunnur :

o CnoucTtble rmapoKcuabl metansioB 061a4atoT TaKMMK BaXKHbIMU ANA BUuomegULMHCKUX
NPUNOXKEHUMU CBOMNCTBAMMN Kak BMOCOBMECTUMOCTb, HyseBaA (11Mb0 HM3KaA) LUTOTOKCUUYHOCTD U
obpasoBaHMe nepapxmyecKMX HAHOKOMN/IEKCOB C 6MOAKTUBHbIMU COeAUHEHUAMM.



CYMNEPKOMMNbBIOTEPHbBIN CEMWUHAP

«TBepaasa» matepusa (hard matter): KepamuKa

CBso#cTBa CNIOUCTbIX U HU3KOPA3MeEPHbIX IMUHUCTbIX MUHEPANIOB:

Obuwue yepTbl CBOWCTBa C/IOUCTbIX ABOMHbIX TMAPOKCUAOB

e bMoCOBMeCTUMOCTb e BbicOKas aHMOH-06MEeHHaA eMKOCTb

e HusKaa nnu Hyneeaa TOKCUYHOCTb * PacTBOPMMOCTb U KOHTPO/IMPYEMOE BbICBO6OXKAeHUe

e XMMmunyecKaa MHEepPTHOCTb NeKkapcTs

e MMAapodUAbHOCTDL e LllenoyHble CBOMCTBA MaTpULbl

e CTpOEeHMe TMNa KXO3AUH-TOCTbY ¢ BbiCOKaA NNOTHOCTb NONOXKUTENIbHOIO 3apAaa
HaHO/IUCTOB

e JDK30TepmMunyeckana ruapatayums
e bonblwana yaenbHaa naowaab NOBEPXHOCTU

CBOMCTBA KATUOHHbIX [/INH

* BblCOKaA KATUOHOOOMEHHAA eMKOCTb
e BbicOKaA copbuMoHHanA cnocobHOCTb BOAbI

¢ BbiCOKaA NNOTHOCTb OTPUL,ATE/IbHOIO 3apAaaa
HaHO/UCTOB

CBOWCTBa OKCUIrMAPOKCUAA a/IIOMUHUA

e AM¢oTepHOCTb (OCHOBHbIE + KUCIOTHbIE CBOMCTBA)

¢ BbicOKana 4YyBCTBUTE/NIbHOCTb MOBEPXHOCTHOrO 3apAaa K
YpOBHIO pH cpeabl

* Bbicokaa H*/OH- 6y¢pepHaa emKocTb




CYHCpKOMHbIOTepHBIC TCXHOJIOI'NHX B HAYKC, O6p&30BaHI/II/I H IIPOMBIIIJICHHOCTH

«TBepaaa» matepua: ctpyktypa CAl (QHMOHHbIX FNH)

* The LDHs crystal structure is a stack of
parallel positively charged single
nanosheets of metal hydroxide with
interlayer regions occupied by anions
A~ and water molecules:

[MIII—xMIIIx(OH)z]x+ (A" ]x/n')’HZO

* Each single nanosheet has strong
positive charge that is equal to total
number of M trivalent metal atoms.

X+

[/ —> [A]} nH,0]

@ H,0 @ Anion, A™

Figure from [Tronto et.al.]

Single nanosheet can be obtained by
exfoliation or delamination reaction >



CYHepKOMHbIOTepHBIG TCXHOJIOI'NHX B HAYKC, 06p330BaHI/II/I " IIPOMBIINICHHOCTH

«TBep,ﬂ,aFl» MaTEPUNA. CTPYKTYPA KATUNOHHDbIX TJTNH

>> Cationic clays have same structural organization Negative net charge of nanosheets may
as LDH but nanosheets have negative electric be provided by two ways:

charge, and interlayer ions are cations: . . o ..
5 4 * by isomorphic substitution of metal

A o T atom with lower valence -> provides
nhd permanent negative charge of the
layers;

* by deprotonation of OH-groups —
breakage of oxygen bridge on defect
sites or edges of cleavage (Jin-Ho Choy
& M.Park, 2004) -> develops
temporary pH-dependent charge.

A model of montmorillonite containing PHE residues in

cationic state (Newman et.al., 2002).
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[TpMeHeHne aHNOHHbIX TH: 0630p

BoaoouunctKka, obessapakuBaHue
* Kak copbeHT unmu dunbrp (P.Koilraj, K.Srinivasan, 2011; Forano, 2004; Goh et al., 2008; Ulibarri and

Hermosin, 2001; Mandal et al., 2012), apre3na 6akrtepuit

MaTepuanbl, matepuanosegeHue
* B KauecTtBe A06aBOK K opraHnyeckum nonammepam (Kaluskova et al., 2004; Leroux and Besse, 2004;

Wang and Zhang, 2004), B ToOm uncne B Kauectse aHTUNUpeHos (Chen and Qu, 2003; Pereira et al.,
2009)

Katanus
* B KauecTBe reTeporeHHbIX KaTa/In3aTopoB C OCHOBHbIMM CBOMUCTBaMMU (Jinesh et al., 2010, Rives et al.,

2003)

* B KauecTBe HOCUTENEeN UK NPEKYPCOPOB KaTanmsaTtopos (Albertazzi et al., 2004, Centi and
Perathoner, 2008; Costantino et al., 2013; Figueras, 2004, Rives et al., 2010)

e ®ortokatanus (Changming Li et al., 2014)

buomeguumnHa u papmarkonorus
e [NA BHYTPUKNETOYHOM A0CTAaBKU IeKAapPCTBEHHbIX coeauHeHun u reHos (Costantino and Nocchetti

(2001), Xu and Lu (2006), Choy et al. (2007), Ladewig et al. (2009), Jakubikova and Kovanda (2010),
Chakraborty et al. (2010), Cunha et al. (2010), Wang and O'Hare (2012), Costantino et al. (2013))
* [na pasgeneHna 6enKoB u meguUMHCKON BU3yanusauum (D.Li et al., 2013; M.Shao et al., 2012).
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CYH@pKOMHBIOTCpHBI@ TCXHOJIOI'NHX B HAYKC, 06p8,30BaHI/II/I H IIPOMBIIIJICHHOCTH

> «Markaa» matepua — Soft matter

> «TBepgasa» matepuma — Hard matter

«Hard matter — soft matter» nurepdeunc

/
>FIBneHm=| B 30He uHTepdenca: M1

12



MHmMepgelc mexay « MATKOM» U «TBEPAOU» MaTepUen

Nekapcteo-CAI
@ HaHOrMbpuA

>> [Mockonbky CLAI UMeroT CTPYKTYPY TUNA «XO3AUH-

rOCTb», UX MOXXHO UCNO/b30BaTb B buomegmumnHe

(HaHOMeAMUWHE) B KauecTBe OCHOBbI AN CO34aHuA

OpPraHO-HeopraHNYecKnx HaHorMbpmaos Ana cMCTEM

NOCTaBKM IEKAPCTB U reHoB. [pn 3Tom:

1. B3anmopeuncteua Ha Uumepdghelice mexay
NNeKApCTBEHHbIM CPEeACTBOM U HAHOJIUCTOM
onpeaenaot opmuposaHMe U CTabUNbHOCTD
6M0aKTMBHOro HAHOKOMM/IEKCA.

2. U B3aumopgencteua Ha MHmepdgelice mexkay
HeopraHM4YeCcKoi NOBEePXHOCTbIO HAHOKOMIMJ/IEKCA
WU KNeTouHOU membpaHoM onpeaenaior
MeXaHU3M U UHTEHCUBHOCTb K/1IeTOYHOro
nornow,eHua HaHornbpuaa.

The interactions of the subsystems within the hard matter — soft
matter interface can determine the behavior of the whole system.

13



MIHmMepgeuc Mexay «KMATKOWU» U «TBEPA0ON» MaTeEPUEN
OB30P: MNpenapaTtbl, KOTOpbIE 6bINN UHTEPKaAnpoBaHHbI B CAr
* [lpoTUBOpPAKOBbIE AreHTbl:
= camptothecin (CPT) (Tyner et al., 2004), dndods, g@}%‘
5-fluorouracil (5-FU) (Wang et al., 2005; Choi et al., 2010), — I_ L
methotrexate (MTX) (Choy and Son, 2004; Kim et al., 2007; Chakraborty et al., 2012), #
doxifluridine (DFUR) (Pan et al., 2010), #
podophyllotoxin (PPT) (Qin et al., 2010)
ampicillin, nalidixic, chloramphenicol, cefazolin, amoxicillin, norfloxacin (NOR),
benzoate (BZ), succinate (SU), benzylpenicillin (BP), and ticarcillin (TCC),
* [poyee: Vitamins, Anticardiovascular agents, Diabetes, Antifibrinolytic agents,
Antihypertensives, Liposomes, Antimycotic agents, Anticoagulants, Osteoporosis,

(3xcnepumeHTanbHbIE PaboThI) —— 1@@ b aed]
10-hydroxycamptothecin (HCPT) (Pang et al., 2013), ’
floxuridine (Li et al., 2009), AT A
* AHTMbuoTtukn: phenoxymethylpenicillin (PMP), gramicidin D, amphotericin B,
chloramphenicol hemisuccinate, etc.
Antioxidants, Immunosuppressant corticosteroids, Nucleosides.

14



NHmepgelc: Nepapxmieckme MHOroQyHKLMOHaAbHbIE
HaHo4YacTMLblI Ha ocHoBe CA[

Mpumep: nepapxmueckme 4acTuubl TMNA «AAP0-060104Ka»

ty Uepapxusa BkAoUaeT 3 GPYHKLMOHANbHbIX YPOBHS
SRR N

magnetic field

" 4

CORE — metallic or partially metallic with /.\ \ /

- magnetic core
ferromagnetic property (allows to target 5 Grug intercalafed LDH
necessary area using external magnetic field)

drug targeting

N [Ay AN, et al. (2009).
SHELL — made of layered double hydroxide of | /norganic chemistry,
| Ni/AI-LDH nanosheets (hosting drug molecules) 48(18), 8871-8877.]

J

————— ———— ——_—
N —————————————————
e i i i i et e ol

Modified anticancer drug doxorubicin (DOX-
COO") as a guest anion between LDH
nanolayers

Charge attraction _/

>> MOMMMO HaHOKOMMNJIEKCOB C IEKapCcTBamMM Ha dddekTbl B3anmoaencTeuna Ha Mimepgpelice (ceneKTMBHOCTb
ocHose CAT TMna «caHaBsuY» (MM cTonka) MOHOB, KOHKYPEHTHaA agcopbuna) mexay moanPuumpoBaHHbIMU
cuHTe3upoBaHbl HY co cTPYKTYpoOii TMNa «aapo- DOX n CAI HaHOCTpYKTypoi obecneunsatoT obpasoBaHue
obonouka» [Dian Li et al., 2013] cTabmMnbHOro opraHNYecKku-HeopraHM4Yeckoro rmbpunaa.

15



CYMNEPKOMNbLIOTEPHbBIN CEMWUHAP

NHmMepgelc: Nepapxmieckne n HU3KopasMepHble
HaHOMaTepwmanbl Ha ocHoBse y-AlOOH
>> HIERARCHICAL ALUMINUM OXYHYDROXIDE-BASED NANOSTRUCTURES "

ObnapatoT 60nbLLOMN
YAE/bHOM NOBEPXHOCTbIO.
MpoasnatoT amPpoTepHbIE
CBOMCTBA.

AlOOH-based
nanostructures

Low-dimensional )
folded AIOOH
nanosheets

(ISPMS SB RAS*) )

(" CORE/SHELL — pseudo- )
boehmite
nanoparticles

_ (ISPMSSBRAS*)

4 HOLLOW/SHELL )
nanostructure from
[Liangmiao Zhang et al.,

L 2010] )

bacterial cell

nanosheets

TEM image
Magnification Camera Length/Stage Tilt X-axis/Spot Size| ‘
60000 x - ‘ -0,15° 1 \ 500 nm

bnaropapa 6onblion sHeprum
B3anmogeunctema AIOOH Ha MHmepdbelice ¢
6akTepuanbHoit membpaHoU HaHOMaTepuan
cnocobeH cBA3bIBaTb 6aKkTepuio!

|

*) [Lozhkomoev A. S., Glazkova E. A., Bakina O. V., Lerner M. I., Gotman l., Gutmanas E. Y., Psakhie S. G. Synthesis of core—shell
AIOOH hollow nanospheres by reacting Al nanoparticles with water // Nanotechnology. V. 27(20). P. 205603-205609 (2016).] 16



In silico aken.1: AiBneHnsa Ha MIHmepgelice (Cell membrane & low-dimensional AIOOH)

>> Takoe noBegeHne HabaaaeTca U B YNCNEHHOM 3KCNEPUMEHTE C UCMOIb30BaHMEM
nonHoatomHon M mogenu [Tsukanov, Psakhie, 2014]:

The entire system was put

' Th rdin f An aver rf :
A fragment of t.he synthe.tlc. | e coordinates o dverage surface in an aqueous (TIP3P)
nanosheet, which was mimicking a the nanosheet were charge density of the . .
. . ) environment with Na, Cl
bended single nanosheet of AIOOH,  frozen during whole oxyhydroxide model .
L . . . and K ions
was initially placed at distance of simulation time was about 0.1 C/m?

10 A from the membrane surface

Habntogaetca aaresna membpaHbl ¢ gedbopmaumeit bucnosn, Ho HET paspbiBa U HAPYLLUEHUA
CNNIOLWHOCTM BbaKkTepuasnbHoM 060104KHK, YTO cornacyetca ¢ TEM HabatogeHuamu.

17



CyHGPKOMHBIOTCprle TCXHOJIOI'NHX B HAYKC, 06p8,30BaHI/II/I H IIPOMBIIIJICHHOCTH

> «Markaa» matepua — Soft matter

> «TBepaasa» matepuma — Hard matter

> «Hard matter — soft matter» nutepdpenc

AsneHunna B 30He nHTepdpenca: M

18



CYMEPKOMNbLIOTEPHbBIN CEMWUHAP

MoneKkynspHoO-AMHaMUYeCKoe MOAeNNPoBaHKUe

>> Knroyesyro posnb 8 M/l modenax uepaem "cunosoe nose'" - sud
PYHKYUOHAAA NOMeHYUasnbHoU 3Hepauu, 3HaYeHUs 8X00AUUX 8 HE20
napamempos, "npasuna cmewusaHus" 014 cemepo2eHHbIX nap, popma
C21axuU8aHUA, paccmosaHue obpe3Ku NapHbIX MOMeHUUaso08...

Bond stretching
PactaxeHue
KOBa/IeHTHOM CBA3U

«

Potentials (force fields) for soft matter modeling
« CHARMM, AMBER, ¢
* GROMACS, DREIDING, CVFF etc.

UB 1-3 stretching

¢«

U= Jp(b=bpY+ D [ke(6 = 00) + kyp(s — 50)%] +
Dihedral (torsion) angle

TopcnoHHOe BpaweHue

+ z ky(1+ cos(ng — 5))? + z k,(y — Yo)? + BOKPYF CBA3W

dihedrals impropers
n*n 6 12 — i i
0y 0y Cq;q; typical form of potential
+ de;j - T\ + “or..  energy functional of the
[ Y Y i Y soft matter force fields (FF)
i%]

_____________________________ | Improper rotation (or inversions)

| .
 Lennard-Jones term _ __ Coulombic term ; <~ Unbonded terms WHBepcum 19

bending
OTK/Z1I0HEeHue oT

PaBHOBECHOro
yrna

bonds angles




CYMEPKOMNbLIOTEPHbBIN CEMWUHAP

MoneKkynspHoO-AMHaMUYeCKoe MOAeNNPoBaHKUe

>> MeTannbl U MeTanInyeckme cnaaBbl XOPOLIO ONKUCbIBAOTCA METOA0M NOTrPY*KEHHOTo
atoma (MIMA) — embedded atom method (EAM).
OyHKUMOHaN NoTeHUManbHoM aHeprum B MIMNA cknaapbiBaeTca U3 ABYX COCTABAAOLLMX:

Embedding energy of atom i
JHeprua Norpy*KeHua atoma

E total — Z

I

4
Fy, Zpaj(rij)

JF#l

Pairwise interaction energy
dHeprua NapHbiX B3aUMoAenucTBUM

|
+§Z

J#

INEeKTPOHHAA NNIOTHOCTb
co3paBaemas aToOMaMM j
B TOUKE PaCnoIoXKeHUA

aToma i

ﬂ _
Voo, (ij)

Interatomic
distance

Subscript airepresents the type of atom
with index i, p.is the electron density
function for atom type a;

Potentials for “hard” matter modeling
* EAM — metals, metal alloys, nanoclusters
* CLAYFF — ceramics, LDH, AIOOH...
* AIREBO, Tersoff, etc.

20



CYMEPKOMNbLIOTEPHbBIN CEMWUHAP

MJ : npobnrema KOMOMHMPOBAHMA CUNOBLIX NONEN

The absence of a force field (FF), which can in the same time describe
bio(nano)objects and inorganic nanosheets, led us to combine at least 2 force
fields in one simulation. CHARMM is very suitable FF for modeling almost all
biomolecular systems. CLAYFF is the best choice for clay minerals.

I
I
I
I
I
I
I
I
I
CraHoBuUTCA HEO6XOAMMbIM B PaMKax OogHOro d)opmanusma oaHoBpemMmeHHO :
onepupoBatb C noacucremamum, onmcbiBaeémMmbimun pasHbiMmU CUJ10BbiIMU :
nonamMmu. 3To MOXeT TpEGOBaTb KaK AOI'IOJ'IHI/ITEIIbHOﬁ K&I‘IMﬁpOBKM, TaK U :
p33p360TKM HOBOToO ((0606LI.I,EHHOI'O» cnMnosoro nonsA. :

I

I

r

Partial atom charges,

O-H Bond Bond stretch L.-J. parameters, O e I
length, A  coeff., kcal/mol A2 o, A g, kcal/mol " :

1

|

CHARMM 0.96 545.0000 3.5400 0.1521 -0.61 +0.440 !
CLAYFF 1.00 554.1349 3.5532 0.1554 -0.95 +0.425 T T T TR T T T

- modlfled LJ

21



CYNMEPKOMMNbITEPHbBIN CEMMWHAP

M/: aHann3 cBo6OAHOM SHEPrmMK, «NOTEHUMAN CPeaHEN CUNbI»

KOMGMHMpOBaHHblﬁ (,quHanpaBHEHHblﬁ) npouecc >> [lnAa KosuyecmeeHHoU OUEeHKU g83aumoodelicmeus /Vle}l'(ay
oueHKu cBoboaHoM sHeprnm aacopbummn Ha ocHoBe PA3AUYHbIMU YacmAMU 0OHOU cucmemsl Uau U3MeHeHUs
potential of mean force (PMF) ananusa [*]: 3Hepauu Mexoy 08yMA COCMOAHUAMU CUCMEMBbI,

ouyeHusaemcsa uameHeHue csoboOHoU sHepauu.

To estimate the free energy of adsorption (of some

: . .. BupTyanbHan
molecule), consider the following combination of two PTY

-
ext ext
Freverse - Arevers

NPY>KMHa

processes:
ext
. . ) forward
Forward process—forced adsorption, in which an CBO6OAHDIN
external force is performing the work for a molecule kownew, npyxuHbi (Boaa He
translocation from the bulk water solution to the PaBHOMEPHO rnokasaHa)
surface of the sorbent nepemeLLaeTcas 4.
4 4 (l £ Py

Reverse process—forced desorption. An external force
acts to remove the adsorbed molecule from the
sorbent surface into the solvent.

B xoze 060MX NPOLLECCOB BbIYMCNAETCA
* H J J
[*] = lzrailev et al., 1998. paboTa, BbINONHAEMAsA BHELIHEN CUOMN.

22



CYMEPKOMNbLIOTEPHbBIN CEMWUHAP

M/: aHann3 cBo6OAHOM SHEPrmMK, «NOTEHUMAN CPeaHEN CUNbI»

GLU — «mArkaa» moneKkyna ¢ AsBymsa KapboKCUNbHbIMMU
rpynnamu (KpacHbiit) U cymmapHbIm 3apagom -1 3.

PaboTa BHeluHen cunbl B cnydae NPT aHcambna
3aTpayMBaeTca Ha U3MeHeHMne cBoOHBoaAHOM aHeprum
f'M66ca n NnpomnsBoACTBO IHTPOMUN:

AGoqs + T8S)on = ALY

ext

—AG 45 + T5S§%'§z = Agst

Af orward _ ,reverse

AGads _ Text > ext . ; [asforward . 6Sreverse]

gen gen

: : '-:‘; R N . b Al BRRRGERORG e i e
; o | Performing both processes (blue, green) it can be
7 + Forward process ;. | found that the obtained curves is not equal, because of

Reverse process |-
|+ Result for PMF(z) |

~entropy generation during irreversible part of process.
o Assume, that entropy generation in forward process
s > and in reverse one are roughly equal:

Distance between LDH midplane and GLU center of mass, A Af orward _ sreverse
. 65 fOT'WClT'd ~ 6Sreverse = AG d ~ ext ext
Gogs = —4%{/mol Ag= +13 kJ/mol  dypepmin = 4.5 A gen gen ads 2
«cUnbHaA» adcopbyus hl <npubnusicerue> I_I 23




CYMEPKOMNbLIOTEPHbBIN CEMWUHAP

MJ: aHann3 ceobogHOM sHEPrKUn, «NOTEHLMAN CpeaHEN CUNBIN

Mpumep ncnonbszosaHma LAMMPS (http://lammps.sandia.gov, Sandia Lab., CLLIA)

processors 2 2 4

S

group molec type 1:4

group frozen type 5:7

group mobile subtract all frozen
S

velocity mobile create 310.0 1010101

frozen

compute | molec com

#SMD HpHMDM
fix 1 frozen setforce 0.0 0.0 0.0
fix 2 mﬂb11e|npt temp 310.0 310.0 1

fix :", mD]_eC Smd Cvel ] I II | . I | —I_I . I_II_II_II_II_I

fix 4 all print 500000 "$(step) $(c_1[3]) $(f_3[?]*4.154}" append fwd. txt
S

run 50000000 | # fix\shake -> timestep 2.0

unfix 4

unfix >

#SMD o6paTHEI:

fix 3 molec smd cvel 100.0 0.000001 i
fix 4 all print 500000 "$(step) $(c_1[3]) $(£ 3[7]*4.184)" append rvs.txt

<...>

run rI_II_II_II_II_II_II_I 24


http://lammps.sandia.gov/

In silico akcn.3: Structure of bonds and selective adsorption of
organic anions @ Mg/Al-LDH nanosheet

Ha in silico moaenun nay4veHbl mexaHU3Mbl GOPMUPOBAHUA TMBPUAHDIX MYNbTU-MOIEKYNAPHDbIX
KOMMNIEKCOB Ha NOBEPXHOCTU HaHoncToB CAI, a TakXKe pacCMOTPEH MeXaHU3M KOHKYPEHTHOM
aacopbuumn yetbipex Hanbosnee pacnpocTpaHeHHbIX aHMOHOB B BMo-cpeae Asp, Glu, HCO3 n xnop.

* The multiple hydrogen bonds formation was observed.

¢ Oxygen atoms in HCO;-anion and in carboxylic groups of
Asp or Glu anions are proton acceptors, while the surface
hydroxyl-groups of LDH are proton donors.

Unbiased MD and cv-SMD simulations [Tsukanov, A.A. and Psakhie, S.G. Energy and structure of bonds in the interaction of organic
anions with layered double hydroxide nanosheets: A molecular dynamics study. Sci. Rep. 6, 19986; doi: 10.1038/srep19986 (2016).]
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e —
In silico akcn.3: Structure of bonds and selective adsorption of

organic anions @ Mg/Al-LDH nanosheet

e a 4 b
: HC()3 /;-”7";& HCO; 1

C

5 6 7 8 ok
bs d
Glu A
/ & BHymp.| i BHeknemouyHsil

z LDH nHTepkanmpoBaHHbii Cl n dyHKUMOHA-
The depths of free energy wells for the anionicamino | 13posaHHbIN aHTUTENaMK, donaTom vau

acids residues are quite large about 50 kJ/mol. CBA3bIBAIOLLMMUCA C peLlenTopamy nenTuaamm —
Selective adsorption sequence: - MOXET NPOHNKaTb B PAKOBYIO KNETKY U 33 CHeT
Asp~ = Glu~>HCO, > Cl- KOHKYpeHTHOM aacopbumnmn obmenmnsatb Cl Ha

Apyrue aHWoHbI, BbicBObOXKAaA ero B uutonaasmy!
26

[Tsukanov, A.A. and Psakhie, S.G. Sci. Rep. 6, 19986, (2016).]



In silico akcn.4: Interaction of Mg/Al-LDH nanosheet with
bacterial voltage gated sodium channel

>> Glutamic and aspartic acids Glutamic acid residues E189 of the external
are typical building blocks of the “turret” loops of the ion channel exchange
p,  Polypeptides and the proteins. chlorine ions on the LDH surface during

R o - —_——— Mg/Al-LDH nanosht competitive adsorption, t = 0.1 ps (Chloride ions
RES ' ' g2  form an anionic shell around LDH, not shown).

; . >> Pe3ynbratbl in silico akcnepumeHTa
Ions an

water are AT UHPOPMaLMIO O TOM, YTO

not shown) 1. BHewHune netam NavAb
cBasbiBatotca ¢ Mg/Al-LDH.

WS (o4 o Nar - ) 2. Yepes KOPOTKYIO a-cnupanb 3TO
h_ &~ ? BO34eiCcTBME NnepesaeTca Ha
S ¢ g B R CeNneKTUBHbIN PUNbTP U
Cell Membrane N 44/ ,
, = &0 VGSC-NayAb :
(POPC bilayer) = | \\k/ AedopmupyeT ero
3. MporHo3 nHrubnposaHua KaHana
Bacterial voltage-gated sodium channel embedded into the POPC Yepes HapyLeHne U3bnpaTenbHOI
lipid membrane was modeled in the presence of LDH nanosheet. byHKLMMN.

Unbiased Molecular Dynamic Simulation, t = 0.1 us
[Tsukanov AA, Psakhie SG. ... Vol. 1760. No. 1. AIP Publishing, 2016.] 27



In silico aKken.5: « MAarknim» KaTMoH NPOTUB MasiblX aHMOHOB

Ha NOBEPXHOCTN NONOKNTENIbHO 3aPAKEHHOIO HAHOJ/TIUCTA
Arginine cation @ MgAl(OH) ARG(+)

A | Xnop Cl(-)
5 . HuTtpaTt-aHuoH -
MmapokapboHaT-aHMOH
0 W= - -
Pl
5 =
©
E -10 =
E _____________________
(OIS LI S N O <ol s
=)
.20 =
ARG(+) Arg(+)  ==NO3(}) Despite that ARG is cation, its adsorption
30 » ==HCO3(-)  ==Cl(-) is favorable onto positively charged

Mg/Al-LDH nanosheet!
This result is unobvious, and it's more

_35 ] & ] '] : ] ] i '] : '] ] '] ] : i i '] A : ] '] '] '] : & '] ] ] : ] ] ] I)

9
Distance between nanosheet and molecule center of mass, A

Using COPFEE procedure the estimation of free

energy of adsorption of -22 kJ/mol was obtained.

Gaas = —22 x/lxx/monb Ap= £5 kJ /mol

dloc.min =

o

6.3 A

unexpected that ARG adsorption more
favorable even than "rigid" anions of
chloride, nitrate and bicarbonate ions:
Cl-, HCO;, NO;~
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ABNeHnA Ha rpaHuLLEe TBEPAOro N MATKOrO BELLECTBA, BOOOLLE roBOpA, HEOYEBUAHDI.

[TpY 3TOM OHW MOTYT UFPaTb KAKOYEBYIO PO/Ib B OUONOTMYECKUX U MEANLMNHCKUX MPUSTOKEHUAX.

«Msarkaa» maTepus — 6MOMO!‘IeKyI'I bl «TBep,qaﬂ» Ma'repml — HaHOKepamMKa

* B3aumopeiicTBMe NOACUCTEM Ha MHTepdelice TBEPAOM U MATKON MaTeEPUN MOXKET onpeaensTb

noseaeHMe BCen CUCTEMBI.

* NHTepdenc mexkay *KUBbIMU U HEXMUBbIMU 06bEKMAMU ABNSETCA OTAENbHbIM CNOMKHbIM
0ObEKTOM ANA MEXAUCUUNINHAPHbIX NCCeA0BaHUN, BKAOYAA PU3UKY, XMMUIO, BUoiormio un,
KOHEYHO, YNC/eHHOe MoaennpoBaHune, ana yero, 6e3ycioBHO, HeObXoAUMbI
BbICOKOMNPOWU3BOAUTE/IbHbIE CUCTEMbI, MapPaN/iefibHble TEXHONOIUN U UX Pa3BUTUE.

«CynepKOMNbOTEPHbIE TEXHONOTMKU B HayKe, 06pa3oBaHNM U NPOMbILLIAEHHOCTUY, http://agora.guru.ru/sct
Mocksa, MIY, 28 mas 2018, 18:00 Mck. 29
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CYHCpKOMHBIOTepHBIC TCXHOJIOI'NHX B HAYKC, O6paBOBaHI/II/I " IIPOMBIINICHHOCTH

Acknowledgments. Bnrarogapto Konnektns Hay4HO-MCCnea0BaTENLCKOTO
BbluMcAUTENbHOrO UeHTpa (HMBL) MTIY 3a opraHu3aumio n NnoaaepHKy
paboTbl Ha CynepKoOMMbloTEPAX cCeEPUM «J/TOMOHOCOBY.

Cnacmbo 3a npurnaweHune Ha cemmuap!

narosap

L5 -

10 BCEX 33 BHUMaHue!

- . "
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CYHepKOMHBIOTCpHBIG TCXHOJIOI'NHX B HAYKC, O6pa30BaHI/II/I H IIPOMBIIIJICHHOCTH

OONONTHEHUE
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In silico akcn.6: BNNT vs CNT & POPC membrane

Cepua SMD pacuyeToB No TpaHCAOKaLUUN KOPOTKUX ABioDeM [Tsukanov, Psakhie, 2016]:
yrnepogHow (YHT) n 6op-HutpugHoii (BHHT)
HaHOTPY6OK Yepes KNETOYHYI0O MeMmbpaHy.

Lenb: cpaBHUTb BO3aencTBne moaesbHbix BHHT u
YHT Ha KneTto4yHyto membpaHy (POPC-aunuaHbIn
6ucnoi).

Omcymcmeyem 00HO3HAYHOCMb 8 3HAYEHUAX i B P L AL LT
MapyuasnbHLIX AMOMHbIX 3apA008 8 Modenu bHHT. BNNT PAC set#1 e

i 1 1 1 1 I I

Az, nm 2.0 1.0 0.4 0.0 -0.4 -0.5

7 il

Carbon SWNT = s i b B BNNT PAC set#2
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