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.(I, f\- At the interface with biology

In nature
molecules
protein

ions \
lipid vesicles
biological
—> process

biological material
(cell)

In nanomedicine
drug molecules
nanoparticles
polymer aggregates
How do synthetic nano-objects
interact with their surrounding?
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-(I,f‘- Interfaces at the nanoscale

Trypsin

How are interfaces at the nanoscale?
Does the coexistence of hydrophobic and hydrophilic nanoscale
domains (e.g. on proteins) provide surfaces with special
properties?
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Wl sold-quidineerfaces

Medium M
Y

Energy cost:
Ywvm = Yut Vv = 2%

vacuum

Medium M1
Vw1

Medium M2
Ym2

Interfacial energy:

Yvimz = Ymr T Yz = Wiiame




-( I,f\- Solid-liquid interfaces

Thermodynamics at the interface: the work of adhesion

Interfacial energy ¥, :

Ysi=Vs+ V. —Ws  (Dupré equation)

Interfacial energy ~ work of adhesion

Bulk liquid <%,

R Interfacial
] liquid

Solid




-(I,fl- Interfaces at the molecular level

Solid-liquid interfaces at the nanoscale

Liquid

A more realistic interface




-( I,f\- Solid-liquid interfaces

Probing the solid-liquid interface with AFM

----------

< 2nm amplitude
~ Interface size

Scanning oscillating AFM tip
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-( I,f\- A brief introduction to AM-AFM

Probe Laser

4 Quadrant
Photodetector

Substrate

A nanoscale tip mounted on a flexible cantilever is
used to probe a sample locally




.(I,f\- A brief introduction to AM-AFM

'— — %kc A vibrating tip = Amplitude A and phase ¢

AN — A soponiesolo¥
E 0.4-
=
2 0.3+ . .
E The tip vibration is
:g: e damped by as the
0.1+ cantilever approaches
T T T T T T
20 0 20 40 60 80 the surface
: (here in liquid)
120 -
‘o 100
(2] S P
-ccu - et
o 80-
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1 1 1 1 1 1
-20 0 20 40 60 80
Z piezo [nm]
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.( I,f \- AM-AFM Basics

A feedback loop keeps the cantilever vibration amplitude A constant

( Feedback ]

L Controller J

Photodiode

Vibrating
tip

Detection: amplitude A and phase ¢
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Wt avamMBee

The harmonic oscillator formalism

204 o
Flow of energy: Pin = Po + Pip

Equation of motion of the tip:
MZ -y 2+ (K, + K )Z = AjK, cos(at)

z(t)I

Solution of the type: z(t) = Acos(at + @)

Linear damping Y

Amplitude A

Interaction stiffness k.
Phase

Energy dissipation E.

B. Anczykowski et al. Applied Surface Science 140 (1999) 376-382
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T

In AM-AFM, the amplitude is kept constant

——> only the phase ¢ can vary freely

—> the phase ¢ is directly related to the energy dissipation

Local energy dissipation by the tip ~ local phase contrast

No indication on the origin of the dissipation! (and hence on
the origin of the local phase contrast)




-( I,f\- Biointerfaces at the nanoscale

A model bio-interface:
Purple membranes from H. salinarium in solution

W
M"’ YN Mg S 10-20 ms
b T Pl

all-trans 13-cis " QE~ 0.6

Luecke et al. Science, 280 (1998), 1934-193'
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-( I,f\- Biointerfaces at the nanoscale

AM-AFM of purple membrane in liquid

Extracellular leaflet

e ——

substrate

Biophysical Journal (2006) 90, 2075-2085
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-(I,f\- Biointerfaces at the nanoscale

Nano-indentation at different ionic concentrations show /eaflet-
specific effects

—EC
20x10° - —CP
15+ J, |

|

10+

Young's Normal Modulus [Pa]

0 50 100 150 200 250 300
KCI concentration [mM]
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-(I,f\- Biointerfaces at the nanoscale

lonic effects on the membrane/interface with KCI

Extrcell.

Cytopl.

5nm bar

RMS extracell.: 0.15nm/0.15nm/0.15nm/ 0.13 nm
RMS cytopl.: 0.15nm/0.25 nm/0.25 nm/0.26 nm

Nanoscale

Nanoscale (2010) 2, 222-29
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Wt Prommearotaa

Looking at specific ionic effects: Li*, K+ and Cs+

Purple Membrane cytoplasmic surface at 50mM salt concentration

50nm x 50nm

Voitchovsky et al. 2007
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-(I,f\- Biointerfaces at the nanoscale

Modification of the membrane/interface with specific ions

£
P extracellular
9 extracellular
x cytoplasmic |
ol —hczebguen . — : :
100 x 10° m 200 x 10° m
8
1 G J
3
E6 £
- 2
= 2
iy E
X 2 : 1
0 0 ) .
-5 0 5 10x10°m 0 5 10x10°m
Nanoscale
1M NacCl, 20mM MgCl,, 10mM KClI 50 mM MgCl,

Nanoscale (2010) 2, 222-29
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-(l,fl- Biointerfaces at the nanoscale

= Importance of the protein surface structure in determining the
membrane unique interfacial properties

¢ Alternation of
hydrophobic/philic
domains

e Specific ionic effects

e Controlled local flexibility




-( I,f\- Striped nanoparticles as synthetic proteins

Striped nanoparticles can mimic the interface of proteins with
the surrounding liquid
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-(I,f\- Metal Nanoparticles Synthesis

HSW > |
Reducing Agent (NaBH,)

Metal Salt (AuHCI,) +
+

HS NN
HS\

Direct mixed ligands Ligand exchange
reaction”

HS. reaction™
HS-

' 5
,!_”-
t!‘,‘.

._,‘
{4
ey,

Gl M,
i 4

I.d;‘

nm ~
S HS<

F. Stellacci, et al. Adv. Mat. 2002, 14, 194 A. C. Templeton, M. P. Wuelfing and R. W. Murray, Accounts Chem. Res. 2000, 33,27
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-( I,f\- Maixed Self-Assembled Monolayers

Ovganc ymertace
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Dubois, Stellacci, J. Phys. Chem. C 2008
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-(I,f‘- STM Images of ‘Striped’ Nanoparticles

et LI R

RN R

e b R R R

R R R R RRRNRR

LA
‘.._-...J.fp-_.-..._.
LR R L
T N L T T T
b W R R LT L

___I.r.... & b bR RRET

bl 11 S

Jackson, Myerson, Stellacci, Nat. Mat., 2004, Jackson, Silva, Hu, Stellacci, JACS., 2006
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-(I,f‘- A More Realistic Vision

Cartoon Simulations
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.(I,f\- Stripe Formation in Mixed Monolayers

}% ﬁﬂ.{ (M £ 16 -11:;“];_3 a5 69 ":f- ' T
Entropy gain (a) (b) § S 14l ), *° °, £ ?E:"
in stripe formation E§ ‘5 & v G.BE H
25 £ e
0.6

? ? E \ ! ] k I - ® O axpariment
' _-12:11
1 “ " i i :
with Sharon Glotzer, U. Mich; PRL 2007 1 3 1 1 B ? 5 3
o long surfactant length (no. of carbons)

Singh, PRL 2007

Unpublished data
TEM,
NMR, Noesy
Gel Electrophor.
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.(I,f\- Striped nanoparticles

How do these ‘synthetic proteins’ interact with biological cells?

0 Cell-surface
‘ attachment

: S — ‘ Challenge of cell-

Q membrane penetration
Escape \I/ @
from

endosome

Exocytosrs

Transport
through
cytoplasm

Adapted from:
Nature Reviews Drug Discovery (2005)
4 581-593

Cytosol
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I L

Effect of Nanoparticle Coating

Nano- Ligand Shell g;;% 1GAs | ¢ Potential® Ligand shell morphology/
particles Composition” (nm) (mV) chemical structures
homogenous
MUS 100% MUS | 4.3+1.3 15 -38+53
B e s . Q. oNe"
Yy ‘v'q‘o
MUS
. unstructured
66-34br- | groemus |43¢12| 13 | SLIE | e O
oT 0.73 ol o
HE.
B OT
“ structured
-33.1% Q@ mape
66-34 OT | 66% MUS [45+10 | 15 064 | M~~~
ME s
oT
TEM total TEM total DLS diameter DLS diameter
diameter” before diameter” after before after incubation
mcubation (nm) mcubation (nm) mcubation (nm)
(nm)
MUS 7.4+1.3 7.540.9 6.840.2 12.0+£0.4
Protein Interactions 66-34 br-OT 7.4%1.2 7.4+0.9 8.0+0.2 10.0+0.4
66-34 OT 7.6x1.0 7.4+0.8 7.2+0.2 7.8£0.2
S u N ML - Institute of Materials

Verma, Uzun, Irvine, Stellacci, Nature Mat. 2008




-( I,f (- Cell Membrane Penetration

4 °C Experiment

8 8

e

52 g8

The absence of endocytosis has been independently

[.: o . _ . _ confirmed via TEM studies

Cells anly MUS 6634 br-OT 8834 OT

Fluorescence ntensity (au.)

-

SuNMIL - Institute of Materials Verma, Uzun, Irvine, Stellacci, Nature Mat. 2008
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Calcein

Endocytosis Inhibitors

Only :
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3
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-( I,f\- At the more fundamental level....

AFM images of supported bilayers and striped particles
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-( I,f\- At the more fundamental level....

AFM study of Nanoparticles-bilayer interactions
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.(I, f\- Towards an Understanding

In collab. with Prof. Yann Astier,
University of Lisbon, Portugal

>t

. 1,2 diphytanoyl-sn-

glycero phosphocholine |
lipid bilayer \
« pH8.I Tris'HﬁI 0.1 M,KCI 2

. Reference Ag/AgCl
electrodes > t
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-( I,f \- Nanoparticle/Bilayer Interactions

Capacitance vs. NP Concentration
for Fractions of MUS:OT 2:1

325 Was
315
ey Nz ®54
S 305 NN
‘® A \ 4 5.8
g 295 % > — :
£ 285 X o ¢ X559
g 275 . * Unfractionated
&
255
BN B B BN B BN BN BN B BN
245 T Y \
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Concentration (mg/mL)
MUS OT

2:1

WMW i WMMW il ‘WWM e “WW Mw
I il i
Blank W 0.8 mg/ml 1.6 mg/ml 2.0 mg/ml

T=30min T=1h T=1h30 T=2h20
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.(I,f‘- Solubility of Rippled Nanoparticles

methanol

400 ethanol

0D 14 25 33 50 67 75 86 100

Saturaticn Concentraton (x10° mg'mi)

04 % MPA
O 10 20 ¥ 40 %0 60 70 80 OO 1M
% MUA ! 20E-08
8
1.0E-08
1.0E-12
with N. Marzari, MIT; 0

PNAS 9886, 2008
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Wl [ spednanopartieles

What is so special about theses nanoparticles?
Is it possible to quantify their interface with the surrounding?

ligand-coated
nanoparticule




G\ merfocaiEnegyo

1 1
l.E. =5VV11 +5VV22 W, =vs+ty, Wy

At the micron/nano scale

Cassie Wenzel
State State

L. L.

Cassie State:
(COS B, )°s =

=f, (C0S 0., )y +F, (COS 0.4 ), =

WSL — YLV (1 + COS OCA) ~ =f, +1,(cos O, ),
=Y (1 + COS OCA) Wenzel State:

(COS B, )5 = 1 (COS B, )
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-( I,f \- Interfacial Energy Microscopy

-
W Tip oscillation cycle at sample surface ' I‘ \
| -

Average amplitude [nm)

Damping Y [mN cycle m~)

LA mfm

Qr* o0 0QOsi QoH @al

SuNMIL - Institute of Materials Voitchkovsky et al. Nature Nanotechnology 2010
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Liquid Ysu="Ys+ V.- WsL . Aforce a
z
__________ P o
Liquid E2 A
adiabatic hard
= (0=0) ! (0=0)
Vacuum Eq
Er )
tip-sample distancE
o A+C
_ f tip approach b
W Tip oscillation cycle at sample surface ' proree tip retraction
Fo
L w
S - . l ad
O -
1 2 3 4
tip-sample distanc&
o A+0
Pressure to remove liquid near PS (2) = WSOLQ_GZ a~p R 7‘* \l
the sample and the tip surfaces: 8(2-D) ) Ecycl,ext — WWr A
Fr(z,D)=W;fe “ /
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.( I,f \- Interfacial AM-AFM

60 1 T
140 -
404 120:
100 - R =
o o 2 1
204 80 - Ecycl,ext x o VWSWT(l e }_
60-
0-
=> high-resolution
- 90-
DMSO |, % b
80 -
’ R=0.84
70
0 ' 1'0 ' 2'0 ' 3'0 '

Phase (I) ~ Ecycl, ext

=phase ¢ = local wetting (work of adhesion)

SuNMIL - Insitute of Materials Voitchkovsky et al. Nature Nanotechnology 2010
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-(I,f\- Effect of structure on interfacial energy

ligand-coated
nanoparticule




-(I, f\- Structure Effects on Surface Energy

> 5nm

OH Y\\ o
— q— . 7
é I Ay — ‘8
HS HS gold surface flat SAM measurement of the work

/ of adhesion with the liquid
‘ < 2nm F- o =
\ " \ pled e (AT o“’h'ﬂ 7
. P, ) - -~
2 e~ 1 o — "y

/ \'/."' B
mixed ligands ‘ o
in solution 3D SAM on nanoparticle nanoparticles stacking

~ )

= 120+ R
Wy = x, WA +

X, = component A surface fraction

Wg, (CA) [mN/m

0 50 100% MHol

SuNMIL - Institute of Materials Kuna, Voitchovsky,, Stellacci, Nature Mat. 2009



-(I,f\- Work of Adhesion Measurements

Topography Phase Work of adhesion

1204 SAM on flat surface

Mixed-ligand SAM
on a flat Surface

2
Wed (AFM) (mN/m) ()

Wg (CA) [mN/m]
2 8

CAinwater AFM In water

Mixed-ligand SAM
on Nanoparticles

SAM on Nanoparticles

140+ —_
= = 20 bwg
w 1 —

g : ° s
-t =100+ -40;
& a S 80 o
29 = 1 -
oS 60 - Lg *
EZ = 100 % MHol
O c

o
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-(I,f‘- Structure Component to I.E.

é )
- 60 E
L40 E
o £
iz
g =
L 0 50 100% MHol
4 )
= 140 E
£ 60 5
E 120- E
— -40 E
S 100 =
3 o 203
Wsl = x,W A + XxgW B + f(structure) = o =
0 50 100 % MHol

\ _/

SuNMIL - Institute of Materials Kuna et al. Nature Materials, 2009




-( I,f \- Structural Component in I.E.

¢
Cavijtation

L B i

From D. Chandler, Nature, 2005
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-(I,f\- Solid-liquid interfaces with structured surfaces

Adding salt should decrease cavitation...

I Water
I 3M NaCl
. ® l l °
E
P
CAin water AFM in water = 5
7 S
s >
i ®©
SAM on Nanoparticles g O
9
— 140 © =
g 140 I S qc)
A =
E 120- a c
3 R 5
O, 100- £ o)
= - - &)
(2 T T T T T T T
= 80 i 0 17 33 50 67 83 100 4
100 % %MHol
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g\ Comamwsos

e Atomic Force Microscopy can be used to locally probe and map
solid-liquid interfaces

e At the nanoscale, interfacial properties (interfacial energy)
strongly depend on structure.

®This becomes particularly important when the size of the
different interaction sites (hydrophilic/phobic) becomes
commensurate with that of the solvent molecules, as illustrated
here with nanoparticles

®This is the norm in biology!
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