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Self-assembly and Drug Delivery System (DDS)
Strength of SAS technique in exploring DDS particles
Examples from Our Récent-Studies

- Polymeric Micelle for Delivering Hydrophobic Drugs
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Examples

Ingestion: Enhanced Permeability and Retention
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Tumour accumulation with different diameters.

30 nm micelles/
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Anti-tumour drug:
- DACHPt

Polymeric micelle
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In vivo real-time microdistribution of DACHPt/m with
different diameters in tumours

The sizes less than 100 nm are very good for SAS.

Accumulation of sub-100 nm polymeric micelles in poorly permeable tumours depends on size
K. Kataoka et al., Nature Nanotechnology (2011)
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Molecular Design

Product Control

FDA approval

Fundamental Physics and Chemistry

People are really care about what
is going to be injected
into your blood vessel.

FFF: filed flow fluctuation,
MALS: multi-angle light scattering

AW, C'MON ... A BIG, STRONG
GUY LIKE YoU ISN'T AFRAID
OF A LITTLE SHOT?




& aFFF coupled with MALS

Outflow
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Asymmetric-Flow Field-Flow-Fractionation (aFFF or FFF) is a one-phase chromatography.
Channel flow + cross flow. i.e., No matrix material (do not care adsorption)

Optical purification of SLS in aqueous solutions.
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Figure 6. Examples of size distribution for PS-latex nanoparticle suspensions determined
by DLS using cumulant analytical method. (a) STADEX SC-0110-D and (b) T0625.

‘ ‘ (a) (b)
0 100 150 :

200 50 100 150 200
diameter /nm diameter /nm

Int.
Int

5

Figure 7. Examples of size distribution for PS-latex nanoparticle dispersions determined
by AFFFF-MALS. (a) STADEX SC-0110-D and (b) T0625.
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SAXS at SPring-8 and our set-up

SPring-8; Japan 3
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Scattering angle <2 degree => 1 — 100 nm
Small angle X-ray scattering (SAXS)
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WAXS vs. SAXS

Structural Factor (#g1& &) : distances between atoms.

Structural Factor (¥81& ) : distance between particles

Form Factor (24K EF) : shape




Intuitive understanding of diffraction
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g: magnitude of the scattering vector
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Determining the structure of matter

@gba Electron microscopy
a"}&o Atomic force microscopy
o8
O\
O@% Electron diffraction
@e@ Static and dynamic light scattering Biggest advantage of

e‘" X-ray scattering:

\{\3'3 -In-situ measurements
-Statistical average
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Self-assembly and Drug Delivery System (DDS)
Strength of SAS technique in exploring DDS particles
Examples from Our Récent-Studies
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Case 1: Polymeric Micelles

PEG; Hydrophilic block

/ / Hydrophobic block

Amphiphilic Block

water

®
Hydrophobic drug (or equivalent Br-modified)

SAXS+FFF/MALS

=» Aggregation number

=» Core and corona sizes

=>» Nature of the interface: Overcrowding of PEG

ASAXS (anomalous SAXS)

=» How the drugs are encapsulated in the core
=>» Difficult for normal SAXS

=» Br attached molecule as a probe

FFF: filed flow fluctuation, MALS: multi-angle light scattering



VEYCIRELS

poly(ethylene glycol)-block-poly(«,-benzyl-L-aspartate) (PEG-PBLA)

Hydrophilic ;PEG ﬁydrophobic Asparate N
CH3O—6CH2CH20?:(CH2)—NH} (COCHNHHCOCHZCHNH ) H
3 J | a | A
CH,COOR COOR
N 2
PEG Asp R = _CHz@ . —H a:b=3:1
n of PEG = 118, nof Asp = 20 - 30,
M,, = 5800 Benzylation ratio 60-90

n of PEG >> n of Asp = Stable Spherical micelle

20



& Combination of SAXS and FFF/MALS

SLS vs. SAXS from dilute solutions

M, : weight average molecular weight

v :partial specfic volume

M —2 —
](H)ZTWCMV (/7_100)2

; — p, : electron density difference between solvent and solute
A

F(@)—1 at low 8 and low concentration

SLS (static light scattering) or MALS (multi-angles light scattering)

° ;2(;_/)0)2 can be determined ason/ oc, thus M,, can be evaluated .
« From F'(0) , the radius of gyration ( < S* > or R,) is determined.

*Can be coupled with GPC or FFF.

SAXS (small angle X-ray scattering)

. v and (P - p)" should be determined separately and thus M, cannot be determined.

« FromF'(0) , inner structures can be evaluated.



& Molecular Characters

n=118

M, /M, <1.05

From NMR

code Asp number Benzylation / %

HH9-31-1 26.4 76.9 Benzylation
HH9-31-2 26.4 81.4

HH9-24-2 26.4 88.6 (highest) ~ @
HH9-22-2 20.2 (shortest) 83.7 B @
HH9-22-4 23.8 84.0

HH9-22-3 29.7 82.2

HH9-22-5 32.0 (longest) 77.2

HH9-24-1 26.9 65.8 (lowest)

HH9-18-1 26.9 83 3 T Film was sonicated in PBS
HH9-32* 26.9 83.3 " Dialysis

e ol D D

DR o/B=1/3
M, =5.2x10° Number of Asp = 20 - 30

22



@ FFF coupled with MALS

...M
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f{ What determines the aggregation number ?
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=» Hydrophobic nature is the major factor




@ sAXs from a PEG-Asp/Bz micelle

103
Inner structures
i ~ Rc or Rg
102 Guinier region
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& Optical impurities in LS and SAXS

o PEG-P(Asp(26.9)-BzI(83.3))-A

o PEG-P(Asp(26.9)-BzI(83.3))-B

39
conc/ g/mL R /em-) = [
5.0E-03 20 - 25E-05 v_4() 10° : ‘
4.5E-03 2.0E-05 IOD F | L
3.56-03 —_ E
10E-05 | Fo
S08708 5.0E-06 E S|
25E-03 Q 107 —
0.0E+00 ~ Eoi
2.0E-03 ? |
-5.0E-06 o
5E03 | <Gr— o
156-03 RI LS (90) L0
1 0E-03 -10E-05 ~ E
5.0E-04 ~15E-05 lQ L
0.0E+00 | } -2.0E-05 o 10 E
0 5 10 15 20 25 30 35 40 S o
: : Nl .
Time / min q05 L1

LS =» impossible to obtain accurate Mw in batch measurement




@ Fitting Model for SAXS

1(q) = P(RS)'N{(PC -

3 [sin (qRC ) —qR, cos (ch )]

p)V. @)

IOP([iXSpBZI) n 1§3 8% 1010

I,Oc

Ps! =

Prrci=10.4x10"

+(p, =PV,

Fitting parameters: Rg, R¢, oc, os
Given values: N, p,

LS

(1) Absolute X-ray intensity calibrated with
water and PEG.

(2) Extrapolation ( @j

= limM

C c—0 C

(3) To fit the data assuming the distribution
in the core size

et o 2]

exp
N2rno 20°

and py < ps < Ppeg & Pc <P P(AspBzI)

Electron Density [electrons/nm

r /nm

P, =9.41x10"
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C=0.5,1.0,2.0,3.0 mg/mL
SPring-8, 40B2
~ SDD=1.7m (A =0.1nm)
10%  +SDD=0.7 m (A = 0.07 nm)

10"
g/ nm-

Sanada et al., J. Phy. Chem. B (2012)

Asp = 26.4

Rs=8.7 nm
\ 4.3

Fitting model: Core-corona model
Pedersen et al., Macromolecules 2003.

< Rg—

5

~A

The secondary factor: the Asp length
800

83% ®
: 8
0400 7% o®

65 70 75 80 85 90
Benzylation rate
(~ hydrophobicity)



@A $caling Theory of the Spherical Micelles

G = Gcore (Rea (0) + Gin (7/) + Gshell(z)

G the entropic elasticity of the core chains determined by

R /R,

(;. the interfacial tension between the core chains
" and the solvent molecules. ¥ increase with
increase of the hydrophobicity of the core.

the osmotic energy: balance of the elastic

shell - stretching and the excluded volume effect.




-Sailing theory tells the aggregation
number is determined by the entropic

| - DP
packing of the core chains. Asp
-No dependence of the shell chain. 08 20 39 49
- 6
Chain length of the core block i
€ o7l _
c 0.7 A23.8-B84.0-s A26.4-B76.9-s 5 (%U
N o | / N
C 2/5 = 3
RC *dc V S A32.0-B77.2s 1 4
{D = 06 A20.2-B83.7-s
0.5 I I L3
1.2 1.3 1.4 1.5 1.6
surface free energy per monomer,
increased by three times for 83 and 77. log DpAsp

DP s, dependence of R for the same Rg,,.

Scaling theory for polymeric micelles:
Zhulina Macromolecules 2005, Halperin, A.,
Macromolecules 1987, de Gennes, P. G., 1979.



The aggregation number and the core size 0 90 --mmmmmmmmmmommmommmm oo
= PEG chain crowding 5 S .
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& PEG-Poly(Asp,Bzl) Micelle

Collaborating with Prof. Yokoyama

Di-Block Copolymer Jikei medical school

CH3—o~éCH20H20HCH2) NH [(COCHNHHCOCHZCHNH H
117 3 [ | 0.25 | 0.75| 24

CH,COOR COOR
PEG—P(Asp Bzl)

R= H(27.4 %) or —CHz@ (82.6 %)

Drug  LE540 COOH
Q When the loading ratio exceeds 9-10 %,
N LE starts leaking.
O => What is the inclusion mechanism ?
N

/
U

Neuroblastoma: Pre-incubation of SH-SY5Y human neuroblastoma cells with either RAR-pan-antagonist

LE540 or MAP kinase kinase 1 (MEK-1) inhibitor PD98059.
Breast Neoplasms (Breast Cancer) In ZR-75-1 human breast cancer cells, cotreatment of LE135 and LE540

with all-trans-RA inhibited all-trans-RA-induced apoptosis.



& SAXS from a PEG-Asp/Bzl micelle

103

102

10-]

102

Guinier region

V

R, oOr <S2>

Asp:23.8, Bz1%:84.0, a/p=1/3
C=1.0 mg/mL

SPring-8, 40B2

SDD=1.7m (A =0.1 nm)
+SDD = 0.7 m (A = 0.07 nm)

Inner structures
Rc or Rg
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15
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Long range order of asp helix




& Density change upon loading

(a) Long Period

LES40
0 %
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What's ASAXS ?

Anomalous Small-Angle X-ray Scattering X&hBREEKEL

Resonance Small-Angle X-ray Scattering  X$uha& - 82E,

Tvpricel vuration of refructive index

Reflective index

absorbance
Frequency
— Refructive index
Abzorption
— " Limiting vallie =1

Infrared Visible Ultraviolet




12 13 14 15 16 17 18

1 2 3 4 5 6 7 &8 9 10 NM
2
1 He
2 3 |4 5 G 7 A g 10
Li |Be B C N |O | F | Ne
1 |12 K-edge 5keV-20keV M3 1=a 15 [ 16 [ 17 | 18
3 Ma | Mg Al 1S | P | S Cl | Ar
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4!:( ' ASAXS Measurement

SAXS measurements were carried
out with several X-ray energy near
absorption edge.

From the difference of spectra of
some X-ray energy, scattering

property of specific atom can obtain.

1(q),-1(a),, 1(9), -1(q),
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f{ " Increase $/N fro dilute solutions

vacuum

air | |- >

Increase the S/N ratio by 102 -10°.

Masunaga et al, submitted.



\f( " Performance

-S/N 10-100 times.
-Low BG at high gq.

-No peaks from the kapton window
-Low noise around beam stopper
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& sAXS vs ASAXS
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(1) v?term can be fitted with a simple hard-sphere model
(2) The core is smaller than the Br- hard sphere

TBC 1.6% 2.4% 4.0% g

—
S

LN
<
N

I(q) ¢

raaanaul g

() c'orv(g)c'/cmtcmi3g!
o

v3(q) ¢’
107 :
Hard Sphere
10 6 6, >
g £ .

107 o%o

0.1 1 0.1 1 0.1 1

q/nm-

SAXS profiles (black circles), resonant terms of the polymeric micelles (blue circles), and
theoretical curves calculated from hard sphere models
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:\RC from SAXS
4.45 + 0.05 nm
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Shell

PEG chain TBC

dense PEG region

core

TBC distribution in the micelle. TBC is smearing
into the PEG densely-packed interface. Probably,

because PEG is partially dehydrated due to the
overcrowding.



Overall:

The core-chain’s hydrophobicity is the
major factor to determine the
aggregation number and thus core size.

Nage = 30- 40 at BI = 80%> 100 at 90%

At the same hydrophobicity, the scaling
theory describes the chain length
dependence of Rc and Rs.

ordering.

The drugs are uniformly distributed in
the core.

ada) &=4-5nm
Long period exists. O\ -
Drug-loading erases the -

Water/shell
interface

Close to the isolate
conformation.

-
-,h'_-.
L
L]
LS
-

2Rg =6 nm

_______
-
-
-
-

core/shell interface
Condensed , 3-5
ASAXS tells the times, but not to
drug smears out fully stretched.

to the PEG phase.




Outline

Examples from Our Récent-Studies

Langmuir, 28 (6), 3092—-3101, (2012)
Bull. €Chem. Soc. Jpn. 354-359 (2012)
Langmuigr29 (45), 13666—13675, (2013)
Chem. Commuin.,49;:3052-3054, (2013)




Outline

Self-assembly and Drug Delivery System (DDS)
Strength of SAS technique in exploring DDS particles

Examples ffom:Our Recent Studies

- Palymeric Micellestar Delivering Hydrophobic Drugs
J. Ams€hem. Soc., revision submitted
Macromolecules, (Web): July-23, (2012)
J.'Phys. Chem. B, 8241-8750%2012)
Polymer Journal, 44, 240-244 (2012

- Monogisperse €alixarenaMicelles for DNA Delivery
Langmuir, 28 (6), 3092-3101, (2012)
Bull. Chem. Soc. Jpn. 354-359 (2012)

- Short DNA DDS for Immune-stimeiationsand.Gene Silencing
J. Phys. Chem. B,, 116 (1);"87=94+2012)
Molecular.Therapy (Nature), 20, 1234-1241 (2012)
Jlouyrnal of Contrélled Release, 155-161 (2011)
Bigéonjugate Chemistry 22 9-15, (2011)
J-Am. Chem. Soc. 126, 8372-8373, (2004).




Topoic 2: Shape Persistence Micelles for DNA Delivery

- DOTAP |\
DNA transfection A

Cationic lipids YT T =TS

40 # i’ 0 BO

Amphiphile concentration /wt%

Structure is important to
control transfection efficiency.

But, its control is difficult.



In aqueous solution,
Dimerization

Colloids and Surfaces B: Biointerfaces 285-291

Hydrophobic

Cholic acid, along with chenodeoxycholic acid, is one of two major bile acids produced by the liver.



Flexible to Rigid

Flexible junction point Rigid Calix[4]arene

=>» cationic lipids for DNA delivery



Synchrotron Small Angle X-ray $cattering
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At low pH, sharp minimum q/nm

=» Mono-dispersity and high symmetry protonated
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The sharp minimum is not due to
Cation dependence artificial effect in the solvent subtraction.



Sample concentration: 10 mg/mL, solvent: 50 mM NaCl (pH = 3.0),

| Flow conditions: constant flow (4mL/min), Wavelength:270 nm
@ 600 u . O Rgg
g 1€ |\/|IC6||eS — uv o6
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Micelle peak is only one — No aggregation
- The red and blue data are almost completely overlapping with each other.
- Molar mass = 5.7x103 =» Aggregation number is 6



" FFF for Cal[4]C6 |
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Molar Mass Determination

CM72 (,5 - ,00)2

I(q)/C I cm” ng'1

0.006gmL_C
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Conc.=0_C6 |
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0.1

P — p,can be calculated from the atomic scattering factor .

v by measuring the density increment

Need an assumption !
No information about the distribution
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I » The molar masses of C3 and C6 are 600 and 14800



Molar Mass and Distribution with Three Different Methods

The molar masses determined with different methods and the aggregation numbers.

SAXS FFF+MALS AUC .
| Aggregation
R M, /103 M, /103 M /M, M,/10° M,/M, number
CaL[4]C3 6.00 £0.20 5.69 £0.93 1.00, 6.10 £0.20 1.0, 6
CaL[4]C6 14.8 +£0.95 13.0-20 1.5 14.7 £ 0.90 1.5 10 - 16

SAXS: synchrotron small-angle X-ray scattering.

LS: static light scattering.
AUC: analytical ultracentrifugation



Sphere or Cubic ?

10 Due to ordering at the atomic scale

107 \ ‘ Need more elaborated model
1 E u
o
= 10™

107

10°

3 456 2 3 4 56
1 10

q/nm'1



10°

10°

10°

Shape Determination with Dummy Atom Model

data
Fitting

(Cross section)

Ab initio Shape Determination by Simulated
Annealing using Bead Model Restriction: cubic
symmetry (Dmitri Svergun)



At low pH and presence of Na* or K*

~--- | Electrostatic repulsion }----

v v

Na+ binding
C> Cv4 Pyramidal Shape

Cubic Shape

Fujii et al., Langmuir, 2012, 28 (6), 3092-3101



