Small angle neutron scattering

Focus on magnetic nanoparticles and
biological applications
A.V.Belushkin

Frank Laboratory of Neutron Physics, JINR, Dubna,
Russia

N
h -TT]?T'HTITTTI‘TI T

Joint Institute for Nuclear Researc B



Small Angle Neutron Scattering (SANS)

2D neutron
detector
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Collimation 'pinholzs’

Small-Angle Neutron Scattering (SANS) probes structure on
a scale d , where

A (wavelength) _
d=— & .17 <8 < 10° (small angles)

0 (scattering angle)

=

0.5 nm < < 2 nm (cold neutrons)

| nm<d < 300 nm
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Examples of registered
patterns on a detector

From the analysis of the signal on a detector, using
advanced mathematical models one can extract
information about characteristic sizes, shape and
relative orientation as well as some other
parameters of the nanoparticles in a sample under
investigation
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SANS applicability
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OCHOBHbIe TeopeTnvyeckKkue npeanctaBneHus

[Mpn paccMOTPEHU MarnoyrinoBOro paccesiHUS HEMTPOHOB BBOAUTCA MNOHATUE NPO-
CTPaHCTBEHHOrO pacnpeaeneHns NNOTHOCTN KOrepPeHTHOM aMnnnTyabl paccesHns

p (F)=b x N, ()

roe b - cpegHsaa KorepeHTHad amMnnnTyga paccesiHUst HEMTPOHOB Ans YacTuubl
(Mnn cooTBeTCTBEHHO pacTtBoputens), N, - pacnpegeneHue atoMHOW NIIOTHOCTU
B YacTtuue (unu pacTtBopuTesne), MMmerollee pasMepHoCTb [4ucrno atomoB /
eanHnua obbvemal. lNoTeHuman B3aMMOAENCTBUA HEWUTPOHA C TakMM OOBLEKTOM
MOXET ObITb 3anncaH B BUAE
2 1 b’
Ho=——p ()
m

[Tlpyn paccedaHuMn MIOCKOM HEUTPOHHOW BOSIHbI HA TakOM MOTEHUWare amnnuTyga
YyNpyroro U KOrepeHTHOro paccesiHna byoetr nponopunoHanbHa MaTpU4HOMY arne-
MEHTY

<E1‘HC‘E0>
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(|t | ) = 40 = | p (Pexp(iOFd 7
V

roe VHTerpupoBaHne Maet no Bcemy obbemy uccriegyemoro obpasua. VHTeHCuB-

HOCTb pacCesiHHOW BOSHbI NponopunoHanbHa gudpdepeHumanbHOMY CEYEHUIO pac-
cesiHuS, T.e. KBagpaTy MaTpUYHOro anemMeHTa.

2
do

10)~ & =140)" = [ p Pexp(iOF)d 7
Vv

3agada nccnegoBaHMa METOLOM MaroyrfioBoro paccedHua COCTOUT B BOCCTaHO-
BNeHun yHKunn p(r) B nccnegyeMomMm obbekTe No M3MEPEHHOM 3aBUCUMOCTHU
I(Q). CteneHb paspewmrmMocT 3TOM 3ajayvynm 3aBUCUT OT MHOMMX OaKTOpPOB.
PaccmMoTpum HeKoTopble Hanboree 4acTo UCNONb3yeMble NMPUBNUKEHNS.

&S

Joint Institute for Nuclear Research TR




[\

N3oTponHoe pacnpeneneHne 4yacTul B pacTBope

Bblpa>|<eH|/|e And cedeHnd pacceaHnsd crnegyetT ycpeaHmnTb no BCEM BO3MOXHbIM
NPOCTPaHCTBEHHbLIM OPpUEHTaAUNAM HYaCTnL, OTHOCUTESIbHO BEKTOPA pacCeAHUA.

d G> sinQfF - 7|
— ) = 4 ]/', . d?df:,
<dQ %p(*)pf) o 7

dopmyrna HocuT Ha3BaHue dopmynebl [lebas. OHa nony4vyaeTca Ha OCHOBE crie-
OYHOLLNX COOTHOLLEHUN
T

<sin[Q(F - 17')]> = j.sm(Q\r —7'|cos@)

0

T

(cos[ O(F ~71)]) = [ cos(QlF ~Fleosp )=+ Sm@ dp = SlZ|QF|’:vT'|
0

sin ga

dp =0

34ecb ¢ - yron mexay sekropamu Q n r-r’, a sin(p)de/2 - BEpOATHOCTbL TOr0, YTO
Yrosn ¢ 3akryeH B uHTepsarne ot ¢ 4o ¢ + do.

Joint Institute for Nuclear Research




Bo Bcex BbilENpMBEAEHHbIX PACCYXAEHMUSAX Mbl CYATANKU, YTO YacTuULbl HAXOOATCS B
BakyymMe, T.e. He y4YuTbiBanu CBOWCTB pacTBopuTensi. Bce BblllenpuBeaeHHbIE
dopMynbl Npu y4yeTe pacTBOPUTENS OCTalOTCHA CnpaBenfMBbIMU, €CINU 3aMEHUTb p
Ha p - ps, TAe ps - MNOTHOCTb KOFEPEHTHOro paccesiHus pacteopuTens. Mpu aTom
BBOOMTCS Ba)KHOE MOHATNE KOHTpacTa.

KoHTpacT - pasHuubl Mexay cpeaHen NNOTHOCTbIO pacCesiHUA 4acTuubl U
NMIOTHOCTbLIO paccesiHuA pacTBOpUTens:

1
dp ={p ) -p)=7 [ [p®-pldr=p -p,
14
[Mpn 6onbWKX 3HAYEHUAX Ap (CUNBbHBIA KOHTPACT) CUrHan oT YacTuuy, OyaeT BENnuK no
CPpaBHEHMIO C CUrHaroM OT pacTBOpUTENs, T.e. YacTuubl OyayT SICHO "BMOHbLI" B
MarnoyrnoBomMm paccesiHun. Haobopot, npu crnabom KOHTpacTe curHan OT 4vacTul
OyoeT npakTu4eckn HeoTaenum oT obuwero curHana. [oatoMmy KoHTpacT siBnsieTcd
OOHOW U3 BaXXHEWLLUNX XapaKTepUCTUK B ManoyrroBbiX dKcnepumMeHTax. Bapunauyus
KOHTpacTa, T.e. W3MEHEHMEe 3HayeHna Ap, Hanpumep, 3a CYeT WU30TOMHOro
3aMeLleHNsA CNY>XUT MOLLHbIM WUHCTPYMEHTOM MOSlydeHUs OOMOSTHNUTENbLHOW CTPYK-

TYPHOM MHJ OpMaL M.

—a
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CxemaTunyeckasi UnnocTpauusa BapmaLum KoOHTpacTa

Contrast Matching

reduce the number of phases “visible”

p solvent = p core

or

e

p solvent = p shell

O
@

(shell visible)

(core visible)

* The two distinct two - phase systems can be easily understood
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Guinier approximation

in 1939 A.Guinier simplified Debye formula for QL<<1. using
an expansion sin x/x = 1 - x2/3! + x4/5! - ... And keeping only
the first two terms, Debye formula becomes

2
1
1(Q) ~ < > [J-Pf)dVJ [l—ng_‘-P(f)rzd?/jp(?)d?+...J—
v v

2
- [jp (f)df] ((1 - 0*R%, /3+...),
Vv

where R?, is the radius of gyration with the replacement of
the body mass density for scattering density.

| ™
= . ,“-’-”\\"
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Guinier assumed that the expression in last parenthesis can
be written in a form

F*(Q)=exp(-0°R, /3)

This expression is the basis for extracting the particle radius of
gyration from the experimental data. For this purpose the data
are plotted as the so called Guinier plot - Inl(Q?) and
inclination angle gives us R;;:

1
R :—gd Inl(Q*)/dO’

&S
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Forward scattering

For Q = 0 the differential cross section becomes

do\ 2.9
<dQ>—(p pPs)V

By using /(0) one can estimate both particle volume and its molecular mass.
For molecular mass estimation one needs the knowledge of average
coherent scattering length density and an independently measured a partial

specific particle volume
VN ,

M

where N, — is the Avogadro number. Then one has
do

1(0) = N<dQ> =N(p -p)*V>=Mc(p —p )’ vV Ny

where N — is the total number of particles in solution, which can be
calculated from their weight concentration C (g mole/l) (M-N)/(VJ/N,), V —
solvent volume.

v =

N
. . .“-’-N_\\“?
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Porod integral

One of the important integral characteristic of SANS is the so-
called Porod invariant

A= [0*1(Q)dQ =272 [[p(F) - p,  dF
0 4

Porod invariant characterizes the total scattering power of the
object under investigation and is proportional to the square of
the particle contrast with respect of the solvent. It is used for
calculations of different structural parameters. In the case of
uniform density particle, Porod invariant directly gives us a
particle volume

A=21*(p-py)*-V
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In the limit Q— for the uniform density particles one gets

27 _ 2
1 = —(p — S
© 5,577 ~P)
where S — is the surface area of a particle. Therefore, for the
uniform particles it is possible to extract information about their
surface area

PaccedHue Ha HyneBoK yron gaet o0bemM YyacTulbl,
4 - €CNKM U3BECTHa WX KOHLeHTpaLus

~— ObnacTb [MHbe - HaKNoH AaeT
TN« "pasmep” yacTuLpl

In(I) Pa3MepHOCTb 06beMHbIX hpakTanos

7 (HaknoH=-D)

\ O6bnacTtb Nopoga - nnowagb
<+ [IOBEPXHOCTM YacTULbl U . .
\\ e s o R Information which can be extracted

chpaKTanos (HaknoH = -(6-Ds)) from different parts of the SANS

curve

In(Q)
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Small Angle Neutron Scattering (SANS) from
magnetic nanoparticles in solution

MarauTHBIC HAHOYACT HITE KHOKHHA HOCHTEIE

£ _A'?b"dy Dextran Ferromagnetic o =
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Scattering from a single nanoparticle:

* Nuclear scattering from magnetic core

* Nuclear scattering from hydrogen containing shell
« Magnetic scattering from magnetic core

* Nuclear scattering from the solvent

™
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SANS from magnetic nanoparticles in solution

‘ g Sin ¢
P
ko

g cos ¢

;
‘@*‘ 1"@‘1 H=0

Principal scheme of SANS on magnetic nanoparticles in so-
lution. In the absence of external magnetic field magnetic
moments of nanoparticles are randomly oriented in space.
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SANS from magnetic nanoparticles in solution

To separate magnetic and nuclear scattering one can use an external
magnetic field. In general, nuclear scattering will not depend on the
magnetic field (assuming that particles are almost spherical in shape)
and magnetic scattering will be strongly field dependent. This follows
from the expressions for the corresponding differential cross-sections.

<§—5> nuclear — (5':05)2\/2FZ(Q)

e = const - M2VEF2(Q)sin(0)

Where V - particle volume, F(Q) — particle form factor, M — particle
magnetic moment, @ - is an angle between particle magnetic
moment and the neutron scattering vector Q (in practice, this is the
azimuthal angle on the two-dimensional SANS detector).
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SANS from magnetic nanoparticles in solution

Simulated 2-dimensional magnetic SANS patterns of
superparamagnetic particles in a nonmagnetic matrix. The
transition from fully random magnetic orientation of the
particles (left figure) to a strong field-parallel alignment
(the very right figure) is clearly observed (the hypothetic
field is directing horizontally).

Joint Institute for Nuclear Researc



SANS from magnetic nanoparticles in solution

Once the magnetic contribution is separated, then by
using the contrast variation method it is possible to
measure the nuclear radius of the magnetic core as well
as the thickness of the polymeric shell.

Obviously we have considered a very simplified
situation.

In reality the polydispersity of the particles size, non-
spherical shape of the particles, effect of interaction
between particles and the very nature of the colloidal
systems (which magnetic nanoparticles in solution
belong to) being intrinsically non-equilibrium,
complicates the data analysis to great extent.
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SANS from magnetic nanoparticles in solution

However, it was possible to extract many important

characteristics (see e.g. Physics-Uspekhi, 53, 971-993,

2010) like

* Nuclear radius of the magnetic core and thickness of
the shell

» Size distribution of the nanoparticles

+ Difference between nuclear and magnetic radii of the
core

 Temperature behavior of the particles cluster sizes

« Comparison of interparticle interaction for different
systems

* efc.

: : C i/
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SANS investigations of structural changes in living
mitochondria

Inner mitochondrial membrane-

location of energy generating system of mitochondrion

Monekyno
Mexmembpantoe AT®d-cuHTasbl
NPOCTPAHCTBO
MaTtpukc

Kpucrol
Pubocombl

BHyTpeHHss

membpana
AHK  HapyxHas
Mpanynui i _
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SANS investigations of structural
changes in living mitochondria

Hypotonic media induces changes in
mitochondrial function:

O regulates the oxidation of fatty acid and other
substrates.

Qinduces the rising of rate of the electron transport
through the respiratory chain

Isotonic
Normal condition

”

Formation of “dried crista

Changes in function Qrising of rate and efficiency of ATP sythesis

()
kS) 3 Q structural changes in polyenzymatic complex of
= 15 oxidative phosphorilation
S ET
SET -, o
:E\ 3 @ O switching on the local coupling regime

o

-

Qimitation of hormone effect on mitochondria.
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Different packing of inner mitochondrial membranes

2 i BN e Y T, Sl i) OO
IIpenmecTBeHHMKH reKCArOHAJILHOM (a3bl
MHUTOXOHIpUH cepana KPbIChI MuTtoxoHapun cepana Oblka

Tomorpadust MUTOXOHIPUN
MeYeHH KPBICHI
T.G. Frey, TIBS V.25, 2000, p. J. Hall and F. Crane, The J. Cell Biology, V.48, 1971, p. 420-425

319-324

I'ekcaronanbHas ¢asza
MuToxoHapuu cep/la KpbIChl IIPU alloNTO3¢
Canpynosa B.b., bakeesa JI.E., AAryxunckwuii JI.C. // [{lutonorus. Oxcudamuenbiii cpecc
2003. T. 45. C. 1073-1082 Y.Deng et al, Protoplasma (2002) 219: 16%_3167

Muroxonapun rononatoeit amedsl C. Carolinensis.
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Comparison of double membrane structural parameters obtained

_ by different methods.

AFM data

Isotonic medium

Hypotonic medium

/

Electron microscopy

SANS (alive, statistical 24010
average) '265+10
Electron microscopy (dead, | 220120
individual) #250+30
AFM (dead, individual) 300-400

* C y4eToM JIMTEePaTYPHBIX MAHHBIX O TONIIMHE BHYTPEHHEH MUTOXOHAPUAIIBHON MeMOpaHbI
Kpacuuckas W.IL, JInteunos U.C., 3axapos C. /1., # ®otorpadus u3 padorsl Kpacunckas W.I1., Jluteunos 1.C., 3axapos C./1., bakeesa JL.E.,
Bakeesa JLE., SIrysxunckuit J1.C. (1989), buoxumus, SArysunckuit J1.C. (1989), Buoxumus, 54(9), 1550-1556.
54(9), 1550-1556. Dubrovin E.V., Murugova T.N., Motovilov K.A., Yaguzhinskii L.S., Yaminskii V.
Nanotechnologies in Russia 2009;4:876—880.
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Observation of asymmetric distribution of proteins with
respect to the lipid membranes using contrast variation

technique.
AT=10 A MaTpuke

I:l_ nunugHo-6enkosas MembpaHa, Habnogaemas
s B 9KCnepuMeHTe ¢ MuToxoHApuamu B DO
-cpege

dNI=190 A d5C=170 A nUNUAHLI Bucnoit, Habnaaemblin B

aKcnepuMeHTe ¢ MUToxoHApuAMUN B 42%D,0
L% _Cpep‘e

CykuuHaTt _
l TTOB CykuyuHar

Distance between centres of dout?g\e layer lipid e
membranes dg; =170 b L s .
\ l "\VTTCDE
Distance between centres of double layer li ig\ 4 1
membranes with imbedded proteins d,, =190 A.
Centre of gravity for proteins is shifted towards matrix. A ~. = :"*-,l

\':\ %
0, ~ \
100 it

Neutrons do not hutf! Functional activity of
mitochondria before (A) and after (B) SANS experiment
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Structure of the a-crystalline by small-angle neutron scattering (FLNP
in collaboration with the Institute of biochemical physics RAN)

« Oligomer protein (20-40 monomers, mass
400-1000 kDa)
* Polydisperse system
« Dinamical system (exchange of
monomers)
- Difficult to crystallize

A model of aB-crystallin with bound a-
lactalbumin. Electron microscopy.
Scale bar represents 100 A.

J. Horwitz, Exp. Eye Res. (2003) 76,
145-153

« This is the main component of the eye lens of
vertebrae (200 mg/ml), which ensures a correct

A refractive index
/. ‘1 - Exhibits chaperone like activity (forms soluble
(- 44A complexes with the destabilized proteins and
: < - prevents their non-specific aggregation and

uncontrolled denaturation)

 Slows down the age related opacification of
Single particle reconstructions of native a-

crystallin from Electron microscopy. the eye lens (Cata raCt)
D.A. Haley et al., J. Mol. Biol. (2000) 298,
261+272
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Structure of the a-crystalline by small-angle neutron scattering (FLNP
in collaboration with the Institute of biochemical physics RAN)
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Experimental dependence of the Experimental  dependence  of
Scattering intensity at zero angle  Vcrystalline radius of gyration
versus volume fraction of D,0O in versus contrast in buffer solution
the buffer solution and its with different D,O concentrations.
approximation by parabolic

function.

Approximation of the SANS * Uniform distribution of the scattering density

data by the model of three- in the protein parts inaccessible for water
axis ellipsoid. .
penetration.
1] « Absence of voids into which water cannot
- penetrate.

0.1

« All sub-units are equally accessible for water
(perhaps for other low molecular weight
substances, including bio active compounds).

0.01 4

Intensity, cm

® SANS experiment
1E-3 5

model of 3-axial ellipsoid
(programm FITTER)

1E-4 . |
0.01 0.1 A. B. KpuBaHguH, T. H. Mypyrosa, A. U. KyknuH, K. O. MypaHos, H. b. MonaHckui,

B. /1. AkceHoB, M. A. OcTpoBcKuit, Buoxmmmusa 75 (11), 1499-1507 (2010).
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Structure of the a-crystalline by small-angle neutron scattering (FLNP
in collaboration with the Institute of biochemical physics RAN)

T T T T T T T T log
vo0 L
m.5
x
S 80 F
= 0.0
3
© 60 -0.5
I I | I I I I I ER
30 40 50 60 70 80 a0 100 iof —1.lIlrI | | ‘ - f’w.
T, DC “0.010 0.020 0.030 0.040 D.050 0.010 0.020 0.030 0.040 . 0.050
s, At s, A"
DtSCh.da;ltag AANr?;vst indicate tempe(;atures Changes of SANS curves for a crystalline in 90% D,O-
at whic ala were measured. buffer during heating from 20 to 95°C.

* Protein dimerization at 60-65 °C

* Rod-like form at 75-95 °C

A. V. Krivandin, A. I. Kuklin, K. O. Muranov, T. N. Murugova, S. S. Kozlov, N. K. Genkina,
20 °C 65 °C 95 oC "Heat-induce‘d structuraltransitiqns ofalpha-crystall‘in studied by small-angle neutron
scattering”, Journal of Physics: Conference Series, 2012, Vol. 351, 012008.
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Complex study of nanostructures
Electron microscopy
Dynamic light scattering
Static light scattering
Quasi elastic neutron scattering
X-ray and neutron diffraction
X-ray and neutron reflectometry
Small-angle X-ray and neutron scattering
Sedimentation analysis
Spectrometry
Photometry
Calorimetry ....

i i -
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