Bone-mimetic materials
Molecular Devices

Last Time: organic-templated inorganics
structure and assembly of native bone

Today: mimicking bone structure/assembly
bio/synthetic hybrid molecular devices

Reading: V. Vogel, ‘Reverse engineering: Learning from proteins how to
enhance the performance of synthetic nanosystems,” MRS Bull.
Dec. 972-978 (2002)

ANNOUNCEMENTS:
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Mineralization in human bone
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Mimicking bone structure/organic-templated
assembly
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Issues in bone tissue engineering relevant to
biomimetic materials synthesis

Solid metal implants used for bone replacement (e.q., Ti hip implants):

Do no match mechanical props of natural bone (much stiffer
than bone)

*Drives stress shielding and subsequent bone resorption
*Do not integrate with surrounding tissue

Failure of implant-tissue adhesion can lead to loosening of

implants

Image removed due to copyright reasons.
Please see: Trident® System at
http://www.stryker.com/jointreplacements/sites/trident/patient/pat_tech.php
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Strategies to augment bone-biomaterial

Integration

Introduction of HA-nucleating charged groups on degradable polymer surfaces:

Images removed due to copyright reasons.
Please see: Murphy, W. L., and D. J. Mooney. "Bioinspired Growth of Crystalline Carbonate Apatite

on Biodegradable Ploymer Substrata." Journal of the Americal Chemical Society 124 (2002): 1910-1917.
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Graph removed due to copyright reasons.
Please see: Murphy, W. L., and D. J. Mooney.

"Bioinspired Growth of Crystalline Carbonate
Apatite on Biodegradable Ploymer Substrata.
Journal of the Americal Chemical Society
124 (2002): 1910-1917.



Strategies to augment bone-biomaterial
Integration

Introduction of HA-nucleating charged groups on degradable polymer surfaces:

HA growth on hydrolyzed PLGA films
after 7 days:

Image removed due to copyright reasons.

Please see: Murphy, W. L., and D. J. Mooney.
"Bioinspired Growth of Crystalline Carbonate Apatite
on Biodegradable Ploymer Substrata." Journal of the
Americal Chemical Society 124 (2001): 1910-1917.
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Strategies to augment bone-biomaterial integration

Introduction of HA-nucleating charged groups on hydrogels:

Images removed due to copyright reasons.

Please see: Song, J., E. Saiz, and C. R. Bertozzi.
"A New Approach to Mineralization of Biocompatible
Hydrogel Scaffolds: An Efficient Process Toward
3-Dimensional-Bonelike Composites." Journal of the
American Chemical Society 125 (2003): 1236-1243.

Images removed due to copyright reasons.

Please see: Song, J., E. Saiz, and C. R. Bertozzi. "A New Approach to Mineralization

of Biocompatible Hydrogel Scaffolds: An Efficient Process Toward 3-Dimensional-Bonelike
Composites." Journal of the American Chemical Society 125 (2003): 1236-1243.
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Strategies to augment bone-biomaterial integration

Introduction of HA-nucleating charged groups on hydrogels:

Amorphous calcium phosphate nucleated by hydrogel surface

Images removed due to copyright reasons.

Please see: Song, J., E. Saiz, and C. R. Bertozzi. "A New Approach to Mineralization of Biocompatible Hydrogel Scaffolds:
An Efficient Process Toward 3-Dimensional-Bonelike Composites." Journal of the American Chemical Society 125 (2003): 1236-1243.

Graph removed due to copyright reasons.
Please see: Song, J., E. Saiz, and C. R. Bertozzi. A New Approach

to Mineralization of Biocompatible Hydrogel Scaffolds: An Efficient Process Toward 3-Dimensional-Bonelike Composites."
Journal of the American Chemical Society 125 (2003): 1236-1243.
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Modifying the growing structure of HA crystals

Images removed due to copyright reasons.

Please see: Liu, Y., E. B. Hunziker, N. Randall, K. de Groot
and P. Layrolle. "Proteins Incorporated into tbiomimetically °
Prepared Calcium Phosphate Coatings Modulate their
Mmechanical Strength and Dissolution Rate."

Biomaterials 24 (2003): 65-70.
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Self-assembling bone-mimetic materials

Figures removed due to copyright reasons.

Please see: Figures 1A, 1B, 1C in Hartgerink J. D., E. Beniash, and S. I. Stupp. "Peptide-Amphiphile Nanofibers: A Versatile Scaffold
for the Preparation of Self-Assembling Materials." Proceedings of the National Academies of Science USA 99 (2002): 5133-8.
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Mineralization of synthetic template fibers

Figures removed due to copyright reasons.
Please see: Figures 4 A, B, C, D in Hartgerink, J. D., E. Beniash, and S. I. Stupp. "Peptide-Amphiphile Nanofibers: A Versatile Scaffold
for the Preparation of Self-Assembling Materials." Proceedings of the National Academies of Science U.S.A. 99 (2002): 5133-8.
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Translating biomimetic materials in vivo: Effects of HA
Incorporation on implant response
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Bio/Synthetic Hybrid Molecular Devices
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Why are biological components of interest for
nanodevices?

Biological components are nanoscale machines:

Lecture 16 Spring 2006
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Motivation and approaches to molecular
devices

NANOSCALE TASKS:

3 current approaches we’ll examine as case studies:
1. Using synthetic polymers to control the on/off state of a protein

2. Using engineered surfaces to direct the functions of proteins
3. Using engineering proteins to build nanomotors
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Coil-to-globule transitions in LCST polymer chains: the
basis of a thermal molecular switch

Poly(N-isopropylacrylamide)

[
H-N swollen/Vdr
\CH_CHG% d

ordered water molecules
(minimize water-hydrophobe contacts)

Dehydration allows water to
disorder (entropically-driven)

AS = Sdehydrated - Shydrated >0
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Coil-to-globule transitions in LCST polymer
chains: the basis of a thermal molecular switch

Graph removed due to copyright reasons.

Please see: Wu, C., and X. H. Wang. "Globule-to-Coil
Transition of a Single Homopolymer Chain in Solution."
Physical Review Letters 80 (1998): 4092-4094.

Graph removed due to copyright reasons.

Please see: Wu, C., and X. H. Wang. Globule-to-Coil Transition of a
Single Homopolymer Chain in Solution." Physical Review Letters

80 (1998): 4092-4094.



Engineering molecular switches

Poly(N,N-diethylacrylamide): “(CHp-CH),-
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Engineering molecular switches

Image removed due to copyright reasons.

Please see: Ding, Z., R. B. Fong, C. J. Long, P. S. Stayton,

and A. S. Hoffman. "Size-Dependent Control of the Binding

of Biotinylated Proteins to Streptavidin Using a Polymer Shield."
Nature 411 (2001): 59-62.
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Engineering molecular switches: blockade of protein
binding

Image removed due to copyright reasons. Image removed due to copyright reasons.

Please see: Ding, Z., R. B. Fong, C. J. Long, P. S. Stayton, Please see: Ding, Z., R. B. Fong, C. J. Long, P. S. Stayton,

and A. S. Hoffman. "Size-Dependent Control of the Binding and A. S. Hoffman. "Size-Dependent Control of the Binding

of Biotinylated Proteins to Streptavidin Using a Polymer Shield." of Biotinylated Proteins to Streptavidin Using a Polymer Shield."
Nature 411 (2001): 59-62. Nature 411 (2001): 59-62.
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Polymer switch shows
size-selective blockade of
streptavidin binding

Images removed due to copyright reasons. pOCkEtZ

Please see: Ding, Z., R. B. Fong, C. J. Long,

P. S. Stayton, and A. S. Hoffman. "Size-Dependent Figure removed due to copyright reasons.
Control of the Binding of Biotinylated Proteins to Please see: Figure 1 in Ding, Z., R. B. Fong,
Streptavidin Using a Polymer Shield." Nature C. J. Long, P. S. Stayton and A. S. Hoffman.
411 (2001): 59-62. "Size-Dependent Control of the Binding of

Biotinylated Proteins to Streptavidin Using a
Polymer Shield." Nature 411 (2001): 59-62.
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Engineering Molecular Switches: Triggered release of
bound biotin

All bound biotin released by 4 temperature cycles:

37°C

Figure removed due to copyright reasons.

Please see: Figure 8 in Ding, Z., et al. Temperature Control
T —_ 240C of Biotin Binding and Release with A Streptavidin-Poly
LCST — (N-Isopropylacrylamide) Site-Specific Conjugate." Bioconjug

Chem 10 (1999): 395-400.

y

4°C
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Engineering molecular switches

Applications:
Affinity purification
«Cell-surface labeling
*Responsive drug release
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1) LCST behavior is extremely sensitive to molecular structure and solvent
2) Copolymerization allows switch temperature to be varied:
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Switches can also be synthesized for pH
triggering:

H,C=CH—S04CH,),04CH )5S HCH,-CH——CH,~CHEH

(‘_'}':O :3=0
NH OH PONIPAAMAAC)
CaHe chain

YV 3Poly{NIPAAM-AAC)

(b) (c)

pH74and 6.0  pH 5.0 pH 4.0
4°C 1°C 3 °C

(d) i (€ ()

pH74and 6.0 pH 3.0 pH 4.0
37°C 37°C 37°C
Figure 6. Proposed conformations of the polymer chain coils

of poly(NIPAAmM-co-AAc) conjugated to mutant streptavidin
i5Av) at various pHs at 4 and 37 "C.
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Nature’s molecular motors

Myosin Kinesin
Muscle motor protein, transport along transport along microtubules
actin fibers

Images removed for copyright reasons.
Please see: Vale, R. D., and R. A. Milligan. "The Way Things Move: Looking Under the Hood of Molecular Motor Proteins."
Science 288 (2000): 88-95.
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ACTIN POLYMERS _
Molecular train tracks

MICROTUBULES

Images removed for copyright reasons.

Please see: Schoenenberger, et al.
Microsc Res Tech 47, no. 38 (1999).

Image removed for copyright reasons.
Please see: http://micro.magnet.fsu.edu/cells/animals/microtubules.html([]
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Designing surfaces that can utilize molecular
motor proteins as nano-cargo shuttles

Random transport of microtubules over
randomly oriented surface-bound kinesin
molecules:

Image removed for copyright reasons.
Please see: Hiratsuka, et al. 2001.
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Designing surfaces that can utilize molecular
motor proteins as nano-cargo shuttles

Figure removed for copyright reasons.

Please see: Figure 1 in Hiratsuka, et al. 2001.
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Directing nanomotors with engineered surfaces

Images removed for copyright reasons.

Please see: Hiratsuka, et al. 2001.

Directing nanomotors
with engineered
surfaces
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Designing direction-rectifying surfaces

Figure removed for copyright reasons.

Please see: Figure 4 in Hiratsuka, et al. 2001.
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Engineering molecular motor devices

(a]

Microtubule Biotin

(fTnorescently labeled) y linker
|

Casein Kinesin motor (fueled by ATP)

Figure 5. Enginesring a cargo-transport system at the nanoscale: a molecular shuttle made
fram motor proteins moving on engineered iracks. (a) Schematic illustration of the principle.
A photalabeled microtubule is propelled in open microfabricated channels [seen as dark
stripes in (c)] by surface-bound kinesins {motor proteins). The space between the kinesins

is filad with the milk protein casein fo prevent nonspecific surface adsarption of the
microtubules. The microtubule can be functionalized with maolacular linkers {e.g., biotin) to
hook up cargo. (b) As a microtubule collides with a stegp wall, it bends fo align itself parallal
to the wall or, altematively, it loses contact with the surface. {c) Micrograph of photolabeled
microtubules moving in channels on polyurethane; channels are 2 pm wide. The dotted lines
indicate the paths of individual microtubules.
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Creating nanomachines with protein-polymer

hybrids

F, fragment of adenosine triphophate synthase (F,-ATPase)

purified ATP
purified synthase

bacteriorhodopsin
a + datergent +

ADD PHOSPHOLIPIDS AND
REMOVE DETERGENT

R
P

sealed vesicle
{liposomel

Figure 14-25 ATP synthase. As
indicated, the FjATPase portion is
formed from multiple subunits (Greek
letters), as is the transmembrane H*
carrier.

Figure 14-26 An experiment
demonstrating that the ATP synthase
is driven by proton flow. By
combining a light-driven bacterial
proton pump (bacteriorhodopsin), an
ATP synthase purified from ox heart
mitochondria, and phospholipids,
vesicles were produced that
synthesized ATP in response to light.

/
membrane
L oo = o
transmembrane
H* carrier
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Figure removed for copyright reasons.

Please see: Figure 1 in Liu, H. Q., et al.

"Control of a Biomolecular Motor-Powered
Nanodevice with an Engineered Chemical Switch."
Nature Materials 1 (2002): 173-177.
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Creating nanomachines with protein-polymer
hybrids

Image removed for copyright reasons.
Please see: Bachand, et al. 2000.
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Assembling nanomachines

Image removed for copyright reasons.
Please see: Soong, R. K., et al. "Powering an Inorganic Nanodevice
with a Biomolecular Motor." Science 290 (2000): 1555-1558.

Figure removed for copyright reasons.
Please see: Figure 1A, 1B, 1C in Bachand, et al. 2000.
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ATP-driven motors

Figure removed for copyright reasons.
Please see: Figure 2 in Soong, R. K., et al.

"Powering an Inorganic Nanodevice with a

Biomolecular Motor." Science 290 (2000): 1555-1558.

Nano-propellers

Lecture 16 Spring 2006

36



Figure removed for copyright reasons.

Please see: Figure 2 in Liu, H. Q., et al. "Control of a Biomolecular Motor-Powered
Nanodevice with an Engineered Chemical Switch." Nature Materials 1 (2002): 173-177.

Figure removed for copyright reasons.
Please see: Figure 3 in Liu, H. Q., et al. "Control of a Biomolecular Motor-Powered

Nanodevice with an Engineered Chemical Switch." Nature Materials 1 (2002): 173-177.
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Combining the hybrid
molecular motor with
engineered materials as a
step toward nanodevices

Figure removed for copyright reasons.
Please see: Figure 3 in Bachand, G. D., et al. "Precision Attachment of Individual F-1-ATPase
Biomolecular Motors on Nanofabricated Substrates." Nano Letters 1 (2001): 42-44.
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10.

Further Reading
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New York, 2001).

Mann, S. Molecular Tectonics in Biomineralization and Biomimetic Materials Chemistry. Nature 365, 499-505
(1993).

Tang, Z. Y., Kotov, N. A., Magonov, S. & Ozturk, B. Nanostructured artificial nacre. Nature Materials 2, 413-U8
(2003).

Brott, L. L. et al. Ultrafast holographic nanopatterning of biocatalytically formed silica. Nature 413, 291-3 (2001).
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monolayers. Nature 398, 495-498 (1999).

Aizenberg, J. Patterned crystallization of calcite in vivo and in vitro. Journal of Crystal Growth 211, 143-148
(2000).
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(1999).

Khan, A. I., Lei, L. X., Norquist, A. J. & O'Hare, D. Intercalation and controlled release of pharmaceutically active
compounds from a layered double hydroxide. Chemical Communications, 2342-2343 (2001).
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