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Mimicking Biological Membranes

Properties

+ Radial/Axial Asymmetry
* Chemical Diversity

* Functional Components

How can we incorporate or
mimic  properties and
functions of biological cells

Functions
to create robust advanced

» Mass transport

* Energy transduction materials?
* Information flow
* Protection
Liposomes Polymersomes
\N/; L OH :
POPC éF,;o- PEO ;s—
00 m
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ozé PBD
2 Major Challenges: Polymersomes Can Help
Limited Chemical and Mechanical Stability Enhanced Chemical and Mechanical Stability
Limited Modification Chemistries Unlimited Modification Chemistries
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PEO-PBd Polymer Vesicles
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g Mechanically-Activated Fusion
Lipid Vesicles ——- No Fusion
;omM NoC
Polymer Vesicles © _ - e— Fusion
agitati®”
Polymer and Lipid —_— Fusion

Vesicles

I. M. Henderson, W. F. Paxton, Angew. Chem. — Int. Ed. 2014,
53, 3372-3376; J. Poly. Sci. B, 2014, 53, 297-303

Dynamic Assembly of Polymer
Nanotubes - Fluidity

. E 3 ARt acanenr” ]

" NH
PBd  PEO biotin "X
polymer

bilayer 7 kinesin motor proteins

@ streptavidin
| 8 8 8 8 8 6 & |

W. F. Paxton et al. Nanoscale, 2015, 7, 10998—11004
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Dynamic Polymer Vesicle Membranes

Lysosome-Mimicking Vesicles

Permeability
0 O O\ 0

<) ¢
IS LA
High pH

Low pH
(no hydrolysis) (hydrolysis)

W. F. Paxton et al. Soft Matter 2013, 9, 11295-11302
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Catalytically-Active Cross-Links
(Reactivity and Stability)

w
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46 5 & Pt + Pt
%%— )
*% + soap + soap
# vesiclies
persist!
W. F. Paxton et al. Chem. Mater, 2015, 27, 4808-4813 p
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Branched copolymer vesicles (w/sonication)

3PP H
PO O

Zhou et al. J. Am. Chem. Soc. 2005

Polymersomes Fuse...with Help

Supramolecular polymers w/surfactants

> -

2-D Hydrogen Bond

DO 0

Sawayama et al. Langmuir 2011

GUvV
in water /

Poloxamer (PEO-PPO) (w/PEO homopolymer)

——
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General strategy for PEO-PBd polymers?

Hydrophobic Hydrophilic
A A
( \ Y4 \
n-Bu
X
PBd . PEO
® Commercially available (Polymer Source)
®* >95% 1,2 addition
® Vesicle forming
® X=32,Y=22
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Mechanically-Activated Fusion of

Polymersomes
o PEO,PBd,, | ¢ 200 nm vesicles
0 ..o * 10 mM NaCl
oV * Agitate 20 Hz for 60 Min.
OOO Agitation ‘
o O Giant Vesicles
. fz—ﬂlmMNaCI
% 10 4
E ]
0

'1'0'00
Diameter (nm)
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Hybrid Polymer/Lipid Vesicles via Fusion

20-
4 - Lipid Vesicles, No Agitation
= = Lipid Vesicles, Agitated
15- ~ — Polymer Vesicles, Agitated
= ] Mixed Vesicles, Agitated
> 10
S 5. ;N
= ! 'l\\.-' ; N A7
0=’ ‘“\\‘*-- -t
100 1000 10000
Diameter (nm) %‘ ’\ f
..E H —— Polymer Dye Intensity
Under these conditions: % =Ll Dy'e iensily
N
E
O Liposomes (DOPC) don't fuse... £ \
2
@ .. .Polymersomes DO! Position (um)

Deliver/Combine vesicles of different
compositions (e.g. reagents, or
membrane proteins)
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1 PEO22-PBd37 ] PEO23-PBd4¢
154
_— 10- — before
°\° = after
“~— 5-
>
= o4 — .
W 2] 100 1000 5] 100 1000
o PEO34-PBd46 PEOg9-PBd111
= 15-
£
10-
5.
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Diameter (nm)
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T Molecular Weight { Fusion

1 Hydrophobic Block=
T Interchain attraction

1 Hydrophilic Block=
1 Steric Hindrance

What other
factors/polymers/
additives might
facilitate fusion?
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Permeability

Uet
DL

Low pH
(no hydrolysis)

High pH
(hydrolysis)

W. F. Paxton et al. Soft Matter 2013, 9, 11295-11302
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Multilamellar Vesicles

(|
1

l extrusion

relative solute conc.

Unilamellar Vesicles
fe—]
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Permeability Across Vesicle Membranes

Solubility-Diffusion

Mechanism
DK ]
P = d Acy,

P = permeability coeff.
D = diffusion coeff.

K = partition coeff.

d = bilayer thickness

J = solute flux

Ac,, = solute gradient
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Measuring Permeability
Across Lipid Membranes

DOPC AnOH— _ via
At = f([OH ]) Henderson-Hasselbalch
OH- — pH=7 ‘ pH=7.9
J Angoy- < 1 > OH- flux across a
- OH™ = X membrane
- At Save
7.8-
- ) _
e - b= — —] Effective permeability coeff
. | 5.1(7) x 1010 P =+ P y coeff.
: : w
L 744 cm/s
7o 1 W 111
* Ji OH™ . . .
; D =DK=—"-—d Effective diffusion coeff.
7.0 mempenans; Ac,,
-1000 0 1000 2000 3000
time (s)
*x U.S. DEPARTMENT OF Office Of San_dia
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Vesicle Permeability Summary

Vesicle = Membrane Pg,. D*
diameter Thickness (x1010 (x1016 Permeability «<» Thickness
Sample (nm)? (nm) cm/s) cm?/s)

DOPS 170(30) 2.6 5.4(8) 1.4(2) Oo=—"0 O R R
DOPC 190(30) 2.7¢ 5.1(7) 1.4(2) o——0 (/™ )

EO,BD;;  200(40) 6.8¢ 1.5(3) 1.0(2) o==0 " uw'm'

EOgBDy,  260(70) 22d 0.4(1)  0.9(2) gg MM/\"

a DLS. be< Literature values. 9 Estimated from published models.

Thickness P, D*
Polymer (nm) (cm/s) (cm?/s)

Permiability PEO-PBO? Bof O yopoH 2.4 107 1014
Chemical S OH

» PEO-PBD 0 6.8 100 10-16
Composition M /\+m

Can this be PS-PAA? e 33 103 1078

PREDICTED? R -

a . b e
7 LO_SAlamQ_S Battaglia et al. 2006; ° Eisenberg et al. 2006



LT

Low pH
(no hydrolysis)

High pH

(hydrolysis)

O

ovesicle
(pHexternaI=3)

o PH=7
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2 - - &
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= =
0{ % ¢ ¢ 0604 ¢ e epH=3

0 30 60
time (min)
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Polymersomes act as an artificial lysosome,

collecting and digesting hydrolysable materials

.S. DEPARTMENT OF Office of

EN ERGY Science

h

Sandia
National
Laboratories

14



=

P

s

e T

W. F. Paxton et al. Nanoscale, 2015, 7, 10998—11004

Dynamic Assembly of Polymer
Nanotubes - Fluidity

INLACRRANE"

- n
> *| eBd pEO biotin "y

polymer

bilayer 7 kinesin motor proteins

@ streptavidin

.
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Polymer Membrane Fluidity via FRAP

DOPC on Glass Lipid Bilayers Fluid
D: 1.747E-08 cm?/s

Vesicle Adsorption Polymer Bilayers are NOT!

100% Polymer on Glass
No Recovery!

Bilayer Formation

100% Polymer on
hydrophobic surface
D: 1.27E-09 cm?/s

Photobleach
Polymer Monolayers ARE!
Fluorescence Recovery WHY?
After Photobleaching (FRAP)
y . Sandia
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Fluidity in Polymer Membrane Nanotubes

Dynamic Assembly of Polymer FRAP in Polymer Nanotubes
Nanotubes 100 R
o O emme °
Mof?ﬁ«\oﬂvvﬁ 0.8 T o
—— 7| eed pe0 biotin "y - K
: -2 OOO&O'
pboi:::::r T kinesin motor proteins E ol &Go g a a
® streptavidin % 04 o 8-
E ﬁ J— A
4 j’gine?in‘/’MT’ qr i 0.2 + Ll A :
_M.A"""“
0.0 T T T 1
0 500 1000 1500 2000
W. F. Paxton et al. Nanoscale, 2015, 7, 10998-11004 time (sec)
DOPC Networks Fluidity of Adsorbed Quantum Dots

o

_ Polymer Networks’
V3 |

. SRR

No fluidity in
polymer nanotubes either.. WHY?

/"
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\ W. F. Paxton et al. Chem. Mater, 2015, 27, 4808-4813

+ Pt
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+ soap

- Pt
%—
+ soap

(Reactivity and Stability)
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Catalytically-Active Cross
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Platinum-Alkene Complexes

™ 4
Zeise’s Salt Karstedt’s Catalyst
i cr N
—Si " —Si—
CHZCI/ / N\ 7 '\
2-alkene compound (1973
n*-alkene compound (1831) ! hydrosil Iatign cata(l st )
\_ y \_ y y y y
4 ™)

Isoprene—Pt(0) Coordination (Rupar et al. JACS, 2011)

e
X —

(Karstedt’s Pt
catalyst)
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Capable Crosslinks: Polymersomes Reinforced with
Catalytically Active Metal-Ligand Bonds

H,O + MeOH crosslinked
OH HO : MeOH vesicles
o 0 . ol
: ° X
S ;
4 \ G
i g E surfactant R‘{’j’]’PVO}H
v
\
. — g
4 Exploit organometallic g
interactions to create mixed uncrosslinked
membranes that are both 5 micelles vesicles
robust and dynamic. :
. y Y,
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Surfactant-Resistant
Cross-linked Polymersomes

vesicles persist!

Wty

15 TX-100 TX-100
= +
g 18 - Pt Before Before
N 1 vv Y v vw p n :\? . After After
g g : v v v E
o it e s
2 ot g
— 1 0_. ‘\ * E
-‘; § EE— ' ™ T ™ T REaT
g l & L 4 & ‘ d(nm)
= s PEO-PBd 0% Pt
el | 11 JU “ A 2% Pt
E’ ® v 6% Pt ) ) ] )
= 8 ® 8% Pt Uncross-linked vesicles 2 mixed micelles
g Oy ® 2 : @ 9% Pt
A ® - . .
§ 00 £ ® -o-PEOPEE %Pt Cross-linked vesicles resist surfactant

L} * ] b 1 - ] L ] b L '
0.000 0.005 0.010 0.015 0.020 0.025 0.030
Concentration of Triton X-1 00 [M]
S, U.S. DEPARTMENT OF Sandia
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Stability of PEO-PBd--Pt: 1,2 vs. 1,4 addition

+ Pt R OJH
S RSSO <
%% % 1,4 addition 1,2 addition
%%& + TX-100 + TX-100
cross-linked vesicles persist!
T
No1olana 1,4 PBd is MORE resistant with Pt...
£ | \"‘““““\ .
g 0811 . a " ...but LESS resistant than 1,2 PBd
> 0564 . —a- PEO-(1,4)Pbd, 0% Pt
® 1, ~o- PEO-(1,4)PBd, 9% Pt
8 04- " -a-PEO-(1,2)PBd, 9% Pt Two effects:
= e, - Sterics: Pendant vs. main-chain
D) 0.2 e . .
E - « Electronics: bond energies
Soolfp -~ (1,2--Pt > 1,4--Pt)
8 0.000 0.005 0.010 0.015 0.020 0.025 0.030
7y

Triton X-100

T, . Sandia
£ 1N U.S. DEPARTMENT OF A
€5 Office of ﬂ" National 22
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p-DANPHOS

#% + TX-100

(15 mM) (15 mM)

-’?: cross-linked vesicles persist!
N 1.0 T~—~—p n

E . \' - —E— F3

€ sl . .

§ \ \. Na /\N/\
< —=— 6% Pt, p-DANPHOS P. SO5°

2061 '\.\ _=— 9% Pt, p-DANPHOS F3C© o \

Soe \ N DANPHOS TEA

E ] .\ bis(4p-trifluoromethylphenyl)(3- triethylamine

O g2- \ sulfonatophenyl)phosphine

=

©

+ 00 - - Reversible/Dynamic Cross-links
§ 00 1.0¢10° 20x10° 3.0x10 via Competitive ligands

Concentration of Ligand (M)

s , Sandia
& % U.S. DEPARTMENT OF A
Office of |I1 National 23
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PEO

Pt- ﬁ —_—

”
N

(Karstedt's N (Karstedt's
catalyst) R H catalyst)
of

1 h Agitation:

- 90% hydrosilylation

- emulsion (both)

- color = Pt(0){

¥ T T T T |. T T T T ': T
6.5 6.0 5.5 5.0 4.5 4.0 3.5
3(ppm)

3.0

s““’\}\l!"":x,ﬁ U.S. DEPARTMENT OF Ofﬁce Of

> Los Alamos
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Pt in Cross-linked Polymersomes
Are Catalytically Active

R%O}H
Pt J R Et,SiH

%@l
R I
Et,Si

SiEt,
R H
V@#

LS

o

Bt v

_1. >
~————

h

Catalytically-Active Cross-links
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National
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Conclusions

Used organometallic interactions H,0 + MeOH crosslinked

MeOH vesicles

to modulate the properties of
“normal” polymersomes:

1. Enhanced Stability:
*  Pt--l > Organometallic cross-
links
+ Resistant to destabilization
«  Crosslinking can be selectively

reversed w/ phosphine ligands %
2. Catalytic Activity: surfactant
- Ptcenters still active <
« Enable hydrosilation
reactions
mixed uncrosslinked
micelles vesicles

To produce soft self-assembling
material that is both robust and
dynamic.
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Center for Nanoscale Materials
Argonne National Laboratory

Center for Integrated Nanotechnologies

Helping you understand, create, and characterize nanomaterials

Malecular Foundry
Lawrence Berkeley National
Laboratory

Center for Functional
Manomaterials
Brookhaven National
Laboratory

The DOE/SC nanoscience centers:

+ Are defined by a scientific field, not specific instrumentation.

+ NSRC staff support user projects and conduct original research.
+ Capabilities involve expertise, hardware and software.

+ Users access Synthesis, Fabrication, Characterization and
Theory capabilities.

Center for Nanophase
Materials Sciences

Center for Integrated Nanotechnologies Oak Ridge Nartional Laboratory
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"Radical cross-linking

R{f\&v%

R
> Init .
A ( hv)2
R o],H R O],H
1. Discher et al. JPCB 2002, 106, 2848.
2. Jofre et al. JPCB 2007, 111, 5162.
™ y

initiator?

| I
Ck r h [l
f HO  HN

PEG-PAAPNIPAM

HN /\/S\S/\/NHZ

+
Zhiyuan Zhong et al. J. Mater. Chem.,
2011, 21, 19013.
\ J
r

"Photo DMIEM = "RAFT + diacrylate |
s o |

X A O
L X

o V’*W“‘ o
Q. Saassai e
L%

+ h Vv i HeyuT5-90
MEL:
Voit et al. Chem. Commun. Stenzel et al. Langmuir 2004, 20,
L201 1, 47, 3466-3468. J\ 10809-10817 -

Covalent X-links are ROBUST but,
limited control over DYNAMICS

MENTO,
& &
ol
)
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...and from photocaged amines A

cross-linked
polymersomes

polymersomes

¢ Qﬁudyﬁfﬂ D

DB'N f: -
Ent s SatiRA'
photocaged amine

U.S. DEPARTMENT OF

ENERGY Science

Shiyong Liu et al. Angew. Chem. 2014, 53, 3138.
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Forming Cross-linked Vesicles
with Pt and PEO-PBd

H,O + MeOH crosslinked

MHO\/TOH MeOH vesicles
: A

EO,, — Bds, (1,2 addition)

[
_ A K e
- js. .‘_Pl'“' l l "..P!"- s‘lo—
/X Z N

Karstedt’'s catalyst

Karstedt's / PEO-PBd in MeOH

!

Add H,0 / Remove MeOH

!

60-100 nm vesicles

¢ .
o
£ 10
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2 o8

" - VSR SR, < - 4
normalized intensity o TR, e
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2l . 2255
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0 100 200 300 400 500 T 0 100 150 200 250
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