Técnicas nao-microscopicas de
determinacao de tamanho e
forma

» Uteis quando se trabalha em meios
iInacessivels as técnicas microscopicas
usuais.

» Uteis quando se trata de objetos
peguenos, muito moles e/ou com pouco
contraste.



Tamanho de particulas

Espalhamento de luz

— estatico (LA)LLS ou dinamico (PCS)
Espalhamento de raios-X (SAXS)
Espalhamento de néutrons (SANS)

Sedimentacao
— Gradientes de densidade

Membranas
Cromatografia em géis
Espectrometria de massa



Forma de particulas

o Esfera, elipsoide, bastao?
e Orientacao de particulas

— Em campo elétrico
— Em campo hidrodinamico

e Contacto entre particulas
— Entrelacamento



Associacao entre particulas

 Formacao de redes
— Reologia
 Viscosidade
— Propriedades elétricas
* Percolacao

— Propriedades oticas
e Espalhamento



Propriedades opticas

Dispersdes coloidais sao frequentemente turvas,
solucbes sao transparentes.

Importancia pratica em coloides usados como
pigmentos .

Absorcao e espalhamento da luz

Propriedades oOticas associadas as  dimensbes das
particulas (como o confinamento quantico )

Efeitos da organizacdo, como a  difracao,
opalescéncia, Iridescéncia e as cores de
Interferéncia.



O espalhamento da luz

« Em um meio material continuo, a luz interage com as
cargas e o0s dipolos induzidos e permanentes de
ions, moléculas e seus agregados, sofrendo desvios
e reducao da sua velocidade de propagacao, mesmo
sem absorcéao , isto €, ndo ha aumento da energia do
meilo.

« Uma medida da intensidade da interacao entre o
campo elétrico da onda luminosa e as cargas e
dipolos da matéria é o indice de refracdo da
substancia. O indice de refracao tem uma relacéo

simples com a constante dielétrica,n 2=¢.



Dispersoes de
silica em etanol

= Incidéncia indireta
de luz branca Agua A B cC D E

| A

Agua
= Incidéncia de um feixe

F
de laser (5 mWe 532nm) -




Opacidade de emulsoes

« Emulsoes O/A e Termodinamicamente
— Opacas, leitosas estaveis
— Termodinamicamente — Transparentes ou
estaveis translucidas



Indice de refracio e polarizacdo
elétrica

O indice de refracdo e a constante dielétrica de um
meio variam com a frequéncia da luz, ou do campo
elétrico alternado aplicado ao meio.

e Informam a respeito das propriedades do sistema
molecular. Em frequéncias baixas do campo elétrico,
cargas elétricas sao deslocadas, moléculas podem
girar, dipolos sao induzidos e podem orientar-se.

« Moléculas e particulas se polarizam ; a sua
polarizacao € tanto maior quanto maiores forem a
sua constante dielétrica (e o seu indice de refraca  0).



Efeito da frequéncia sobre a
polarizacao

e Se a frequéncia do campo (ou da radiacao) aumenta.:
as moléculas podem passar a serem incapazes de
acompanharem as rapidas mudancas de modulo e
sentido do campo.

e A polarizacao diminui , dependendo da relacao entre
a frequéncia da luz e o tempo caracteristico de cada
tipo de polarizacao.

« Os dipolos permanentes deixam de contribuir em
frequéncias de ordem de MHz , porgue nessa regiao
as variacOes de frequéncia ja sdo muito rapidas para
serem acompanhadas pelas moléculas



Numero de Deborah

* Relacao entre o tempo de perturbacao e o
tempo de resposta de um sistema

« De =t/

 Quando De =1, a taxa de dissipacao de
energia € maxima

 Quando De difere muito de 1, a taxa de
dissipacao de energia tende a zero.



Espalhamento de Rayleigh

* Rg=lgr?/ly, = (KINa’p(1+cosb)

(vale quando a<1/20 A) onde
| € a intensidade da luz incidente ou espalhada (angulo 0) ,
r € a distancia entre detector e observador,

K @ uma constante otica que depende da diferenca entre
os indices de refracdo das particulas e do meio (=0,
guando os indices s&o iguais),

a € o raio das particulas

¢ € o volume de particulas por unidade de volume (fracao
de volume)
Porque o céu (sem nuvens) é azul?)



Teoria de Mie

Teorla muito geral, que permite calcular
espalhamento da luz mesmo em sistemas muito
complexos, solucdbes concentradas,  solidos
polifasicos e contendo particulas de qualquer
tamanho, que sejam também absorvedoras da luz.

Tem sido aplicada a varios tipos de problemas que
envolvam a cobertura otica de superficies, ou a
penetracao da luz em um meio complexo.

Nao é resumida em poucas equaches, resolvidas
analiticamente.



Podemos fazer um pigmento
branco de fosfato de aluminio?

e Sim, pigmento branco baseado na formacao de
particulas com vazios (ocas).

e Os vazios podem ser:
— preformados
— formados durante a secagem da tinta
— uma propriedade emergente
— 0 resultado de um raro processo de formacao de
nano-estruturas auto-organizadas.



Pigmento branco de fosfato
de aluminio

o Particulas brancas, com poros fechados
— Biphor, um novo pigmento branco

— Criado, patenteado e publicado na Unicamp,
nos anos 90
e poster premiado na ICSCS em Compiegne, 1991
e contrato com a Serrana de Mineragao, em 1995

— Lancado pela Bunge Fertilizantes no
Congresso da Abrafati em 9/2005,
www.biphorpigments.com

— Apresentacao na International Coatings Expo
(New Orleans) em 11/2006

— Apresentacao em Nuremberg, 2007



Nanoestrutura de
caroco-casca

Particulas sob o feixe
de elétrons perdem
material do seu
Interior sem sofrer
mudancas
significativas no
volume.

Interior plastico,
paredes rigidas.




http://www.absoluteastronomy.com/encyclopedia/
m/mi/mie_theory.htm

In contrast to Rayleigh scattering or dipole scattering, the
Mie theory embraces all possible ratios of diameter to
wavelength. It assumes an homogeneous, isotropic and
optically linear material irradiated by an infinitely
extending plane wave.

A profound description and a basic FORTRAN program of
the Mie theory can be found in the book by Bohren and
Huffman.

More recent implementations of Mie theory Iin
FORTRAN, C++, PASCAL, Maple, Mathematica
and Mathcad can be found at the web site www. T-
Matrix.de.




Método de Zimm

A intensidade da luz espalhada por particulas com
dimensdes comparaveis a de A (o comprimento de
onda da luz) é dada pela equacéao:

Kc/Ry = 1/(M.P(0)) + 2 A,C
onde K = 21% n? (dn/dc)? / (A*N,); Rg = (Ir?/1)g;
1/P(6) = 1 — (161/3A?) .S? sen? 6/2

e o0 significado dos simbolos é: n: indice de refracao; c:
concentragao; A: comprimento de onda da luz; N,:
nimero de Avogadro; I: intensidade detectada a
distancia r; I : intensidade incidente;0: angulo entre

feixe incidente e feixe espalhado; S: raio de giracao.



Optics & Laser Technology1 (1999) 447-453

Static laser light scattering (SLLS) investigatiafishe scattering parameters of a
synthetic polymer

R. Ghazy, B. El-Baradie, A. EI-Shaer and F. EI-Mekawey

2lit [Riating Table

oy

Eecianpular

cell

|

| Readout |

Fiz. 1. Schematic diagram of experumental set-up of static lazer hight
scattermg (SLLS) measurements.
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Fig. 2. The angular distribution of static laser light scattering
mtensities for PMMA solved in acetone.
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concentrations, ¢, at constant observation angles, 8.
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Fig. 7. Zimm plot for PMMA zolved in acetone at room temperature
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Raios-X, LALS, SAXS

« Kc/Ry = f(sen? 6/2 + kc) fornece o raio de giracdo S, a
massa molar das particulas e o coeficiente virial de
iInteracao entre as particulas. Usando-se a massa molar
e 0 raio de giracao € possivel saber se as particulas
estao mais ou menos intumescidas com solvente.

« No caso do espalhamento de luz em pequeno angulo
(LALS) ocorre uma importante simplificacdo no
tratamento dos resultados, devido a possibilidade de se
fazer P(0)=1.

 Quando se quer obter o raio de giracdo de particulas
pequenas, e preferivel usar raios-X (SAXS) do que usar
luz visivel, para que o termo S/A seja significativo.



Espalhamento de néutrons

« A secao de choque de néutrons com compostos
deuterados € muito maior do que com compostos
com hidrogénio.

 Fornece contraste quando se quer examinar as
particulas formadas pela agregacao de moléeculas
organicas de natureza diferente, como por exemplo
um complexo entre polimero (H ou D) e detergente
(D ou H), em solucao.

P S P S
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Alguns resultados

e 0 calculo do poder de cobertura conferido a filmes
de tintas, pela presenca de pequenas bolhas;

— Biphor

« a verificacdo de que a densidade otica de uma
dispersédo coloidal de nanoparticulas metalicas
depende quase exclusivamente da absorcao da luz
pelas particulas, e nao do espalhamento da luz;

— Tese de doutorado de I. Joekes

e 0 calculo da dependéncia angular da intensidade da
luz espalhada, que permite prever e realizar
"Janelas" que sao transparentes em alguns angulos
de visada, mas opacas em outros.

— Telas a prova de curiosos para laptops



Turbidez (r =167R,,/3)

Definida de maneira idéntica a absorbancia, pode
ser determinada em qualquer espectrofotometro
ou colorimetro.

Na turbidez a transmitancia é reduzida pelo
espalhamento da luz.

Na absorbancia, é reduzida pela absorcao da luz.

Quando ocorrem absorcao e espalhamento
simultaneamente, nao medimos absorbancia nem
turbidez, e sim a densidade otica .

E uma grandeza facil de medir e extremamente
poderosa no estudo de dispersdes coloidais
complexas.
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FIG. 1. Scattered light scan of centrifugation tubes containing (a) a latex sample coagulated in 050 mal/L NaCl after cegtrlﬁ.;gati:m i a density
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Espalhamento de luz dinamico.

A )
Movimento lento

A IS AN
tempo>
Ggp (T) — <e—iqr (t)eiqr (t+r)>

= exp (-Dgt)




Determinacao dos tamanhos das particulas
da amostra D por PCS: diametros uniformes

1000 S C(d)
_ ] B 15
Effective Diameter: 102.7 nm s G(d)
Polydispersity: 0.004 E
Avg. Count Rate: 399.7 kcps . |
Sample Quality: 9.9 S0.0 00,0
Diameker [nm)
dirm) Gl Cled) | dime) God) Cod) | dine) God) Cod)
997 0 0 1038 0 100
999 0 0 1042 0 100
1004 00 1044 0 100
1002 00 1046 0 100
1004 00 1045 0 100
1006 0 0 1050 0 100
1008 00 1052 0 100
1Mo o0 0 1054 0 100




Concordancia entre técnicas

diametros médios em diferentes meios

Amostra A B C D E
agua, 25°C PCS (nm) 54+5 | 666 | 7712 | 103+1 | 136%1
etanol, 25°C PCS (nm) 72+2 | 7442 | 6716 | 99+1 131+1
ar, 55% UR, 25°C AFM (nm) 33+2 | 45+4 | 5745 | 81+8 | 125+11
106 mbar FESEM(nm) 22+2 | 3943 | 51+4 | 79+7 | 118%10
10 mbar TEM (nm) 1542 | 33+3 | 47+4 | 767 | 115+10
Coeﬁuepte de intumescimento em 4500 200 340 149 65
agua (% em volume)
Coeficiente de intumescimento em 10900 | 1028 190 121 48
etanol (% em volume)
Conteldo de sélidos (% em massa) 2.7 2.7 2.6 2.5 2.5
Potencial Zeta (em KCI 10 -3M) (mV) -27 -38 -36 -46 -49

As particulas apresentam grandes variacdes de volumamduncao do meio,
especialmente as particulas menores




Difracao da luz

 Evidencia a existéncia de estruturas com
dimensoes de ordem de grandeza do
comprimento de onda da luz.



Se a diferenca nos caminhos
oticos for de meia-onda, ha
extincao

Se for de onda inteira, ha reforgo

nA = 2 d sen® (BragQ)

-




Geracao de defeitos na formacao
do macrocristal: separacao de
fases e sementa(;ao de dommlos




Pharmacewiical Research, Vel 20, Mo, 7, July 2004 (O 2002)

Opalescent Appearance of an IgG1
Antihody at High Concentrations
and Its Relationship to
Noncovalent Association

Muppalla Sukumar.' Bramndon L. Dhesde,!
Jessica L. Combs,! and Allen H. Pekar®

Fecedved December I8 20N, aocepied March £5, 2004

Puwrpese. Therapeutde antlbodles are often formul ated at a high oon-
centration whete they may have an opalescent appearance. The alm
of this study Is to understand the oflgln of this opalescence, egpeclally
Its relationship to noneovalent association and physlcal stability.
Methods. The turbidity and the assoclatlon state of an IgG] antlbody
wele Investigated as a function of concentration and temperature
usng statlc and dynamic light scattering. nephelomeric turbidity. and
analvtlcal ultracentrifugation.

Heswlis. The antdbody had Increasingly opalescent appearanoe in the
concenttation ranges 550 mg/ml. The opalescence was greater at re-
frigerated temmperature but was readily reversible upon warming to
room tempetature. Turbldity messured at 25°C wos linear with cob-
centration. s expected for Favlelgh scatter In the absence of asso-
clation. In the concentratlon range 1-50 mg'ml, the weight average
molecular welghts wete close to that esgected for a monomer. Zimm
plot analysis of the data ylelded a negative second virlal coefflolent,
Indicative of atttactve solute-solute Interactions. The hydrodynamic
dlametet wee Independent of concenttation and remalned unchanged
as a function of aging at room temperature.

Copclusions. The resalts Indicate that opalescent appearance ls not
due to self-mesociation but s a Ample consequence of Ravleigh scat-
ter. Crpalescent appealanos did not fesult In physical lnstability.

KEY WORIES: light scattering: protein aggregation; protein foroma-
lation; reversbe assodation; narbldity.

Biopharmaceutical Research and Development, Eli Lilly and Com-
pany, Indianapolis, Indiana 46285, USA.



MATERLALS ANIF METHIHIS

Prlmierials

Ig51 antibody, 1254 antibody, tnaodiom citrate dihiy-
draie, and scdiuvm chlonde were obtainsd from El Lilly and
Company (Ipduanapolis, IN, UEa: Dulbecoo's hate-
bu:r-rr-:-:l.ysulinf mrlh-:hu: caloum chlonides and Elha:;l:ﬁium
chlomde s was obiminsd from Giboo (Cadsbad, Ca. USAG.
Dieionzesd water was ussd in making all solutions. Solutions
were made by serial dilution of the IgG1 antibody at a oon-
centration of 30ar S0 mgiml ineo the corre sponding buffer {10
mbd citric acid, Lo mb Nacl, pH 55,

Tarhldicy Moasaronsne

Turbidity of antibody acluticns a2 o funclion of oo & -
tration wos meamared in Li-mm glass odture iubes at room
temperature using a HLACH 2100 turbidimeter (Hach Com-
pany. Lovesland, OO, TIEA0. The temperature dependencs of
turbiclity was meanrsd by llowing Rayk=sigh soaiter on a
Fluorolog-3 FAuorometsr § 7Y Hoviba, Edison, M1, US40 that
allowed temperatures control. Rovieigh scacter = me amared
at F10 nm, and the apparent turbidity s caloulivesd by rei-
erenoe bo o andard oures generaled Using mapenEors of
knowm turbadiiy.

Seacle LIght Scattering

The weight average molecular weighi= of atibody solo-
tions a5 a funcon of concenimmion were measursd of 25°C
vming static light aoattering o muldpls angles (3012075 an a
Brookhaven Instrumenis Conporation (Holisvills, Y, USa)
lazer hight scaltering mstrument. Samples wers fltersd
through 0.22-pm, 13-mm Millex & durmapore membrace 6l-
ters (Billipore, Billerica, Mo USa0. The scatter data ar G0
were ed to defdve WaARW. The complete dola =t ot mol-
tipls angles =as alao wzed to oeals i ploiz o derive
modeoular weight apd zecond virial ooefficent (2. For an
iden sclution,

EL/RE, = LR L3

whiere, b iE mobscuar weight, K i a coret o, B, is Bayk=igh
robo that combines a muamber of expenmental pammesters,
and o s oonCen ko,

The effecia of solhution momdeality can b= incorporated in
b0 on equaticn of the fonm,

ER, = LT+ ZEC + - - =5

where B & the seoond viril cosffiaent. To obian B, 0t s
nEcesmary o exlrapslite EOR, to zero angles and zero oon-
centration. A Fimm plot hes ECO7R, onitbe ordinat e and. sin?®
2 + kT on the abecis, whers ki an arbitrary constant,
and alloes both extrapolations to b= mades on the =ame graph.
rf amd B can be obtained from the intercept and slope. re.
spectively, of the zero mgle line. The sgn and magnitude of
second vinal cosffiaent ars relived o encluded volume ef-
T T [ty N - - S pu S T TR [ —

Dyaamic Light Scaricring

The hydrocbmamic dismeter of antibody solutions as a
Muncion of conerration was detemined at 25°C or 5°C by
e Eanng the autooorrelation Acbon At 20" aositering angls
a8 BEroalchaven Instmmenis Corporaton lassr light scatter-
it iEstrumesr. Samples were filtered chrovgh 0022-pom, L5
i Millex G durapors membrane filters. The effocbive di-
ameter and polydisperEty was computsd from the autooorr -
laticm function using a quadratic it The intensity-bassd or
wolumebased distribution of dameter wos determinsd using
CONTIN analysis Four separats measuremenis were madks
vo dernive overage and sandard deviition. The datn weres cor-
rected for changes in visoosity of the antibody sacluticrs a= a
funcion of conceniration. The visoomty was measured at 5=
or 25°C uming Visoolabdlon Laboratory Wiseometer {Cam-
bndge Apphed Systems, Bediond, BMa, TR,

Equillbism Scdlmenmdan

S=dimentation =quilibriom experiments were pemommed
an 4 Backman Model 211 ulrracentritugs (Fullemon, Ca
UEah. A 0% mgml solution of the antibody was loadesd into
a Z-seotor, 0.X0T-om path-length centerpieos ool with quanz
windows and placed into an A Ti d-hole rotor. The ostl
weas centrimgsd ot 2000 rpm. and radial scare ot 250 nm e ers
oollemed ot 4=, 14, 195, and 18-h tme points. The 15 and 15-h
sans were siperimposable, maggeatng, equilibrium had been
achisved The final dataset isan avemngs of Gve soons, med e
error amociatsd with absorbance measurements was in e
ranges 000 1—000s AL The 12h radial scon was then Gt oo
anglk w=al speries using the “seli-aoaaton™ modss] of the
manufaciurer-supplisd vermon of Cngin (NLITXLA Dala
ArdlyEs Softwars v, 4005, Values of p o= 1 gml and wbar =
073 mlg were ussd in the calodabon of molecular weighi
{141, Im o sedimertavion @quilibriom emperiment o solution of
the sample & centrifugsd ol a constant rotor weloaty unil
ecquilibrium is resched At squilibiom. & concentration gra-
dient is et ablished relative vo the dsance from e center of
rotation that reflects the balanoe of sedimentation and difu-
mocn. For a sngks solute comporent. the concentranon grads-
ent at eguilibrum is redaied o molecular weight by

Ao Sdir s = o Bl — VIR [

where O iz the concentration at madins r (de e from the
cenber of ro@non., o 5 the ﬂl:lE_Ll'ﬂr wveloaaty, B iz miolecu-
lar weight, v is the partal specits volume . and p is the solu-
tion density. Feeverdbls macromolenidar assocations can be
charsctenzed quanticatively by using analogous sxpressons
LR N

EESLULTE AN IHMSCLUSSEEN

Suaalydosl Uicmcenidmgndon: Equillbdem Sedimerindon

Equilibrium s=dmentanon malysas was carnsd out at a

I A oot = O omesiend on sobeecde ReaefPaor O R
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Fig. 1. Analvtical ultracentrifugation equilibrium sedimentation
analysis of g1 antibody at a loading concentration of 0.5 mg/ml.
Radius plotted on abscissa is the distance from the center of rotation.
Solid line indicates fit to a monomer. The residuals are plotted in the
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Fig. 2. Turbidity of antibody solutions measured as a function of
concentration at ambient temperature using HACH turbidimeter.
Filled circles correspond to serial dilution of a 50 mg/ml stock.
Squares correspond to serial dilutions of a 20 mg/ml stock. Where
error bars are not visible, they are smaller than the size of the symbaol.
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Fig. 3. Weight average molecular weight of antibody as a function of
concentration, determined by static light scattering. Filled circles cor-
respond to serial dilution of a 50 mg/ml stock. Squares correspond to
serial dilutions of a 20 mg/ml stock. Where error bars are not visible,
they are smaller than the size of the symbaol
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Abstract: Small-angle X-ray scattering (SAXS)  was used to study the size-
dependent two-body solvent-mediated interparticle interactions  between
dodecanethiol-coated gold nanocrystals (2-6 nm in diameter) in dilute toluene
dispersions. Using a modified Zimm analysis of concentration-dependent X-ray
scattering data, the second virial coefficient B, was measured as a function of
nanocrystal diameter and compared to theoretical predictions. The measured values of
B, are more negative than those expected for hard spheres, indicating that
interparticle attractions are significant in this system, even though the particles are
dispersed in good solvents for the ligands. The data can be fit using a square well
potential to model the pair interactions with nanocrystal size-dependent well depths
ranging between 0.1 and 0.4 kT and a range of interaction of 30 A . The interaction
potentials between particles in the larger size range (i.e., >5 nm diameter) are close to
those expected from a simple steric stabilization model accounting for the core-core
van der Waals attraction modified by an osmotic repulsion between adsorbed chains.
Smaller particles, however, exhibited significantly stronger attraction than expected
from this simple model, which could possibly be due to decreased ligand surface
coverage at the smaller nanocrystal sizes.



