Chapter 2:
Design and Synthesis of AApeptides for Biomineralization and Self-Assembly to

Form Nanostructures

2.1 Introduction

2.1.1 Overview

Molecular self-assembly is ubiquitous and vitally important to natural biological
systems. Monomeric units are able to self-assemble through non-covalent interactions to
form complex systems, capable of countless unique biological functions.®® Hierarchical
assembly occurring in nature is exhibited by such vitally important biological
components as lipids, proteins, and nucleic acids.®® Understanding molecular self-
assembly is very important to the construction of novel or useful nanostructures and
nanomaterials.®” Peptide-based nanomaterials are currently being explored for
applications to nanotechnology, nanomedicine, etc.®’ In aqueous solutions, peptide
amphiphiles have been used to generate self-assembled nanostructures,”® forming a
variety of nanostructures, including nanotubes, nanorods, nanovesicles, micelles,

6874 Non-natural amphiphilic peptidomimetic oligomers may

nanobelts, and nanofibers.
potentially lead to new biomimetic nanomaterials with novel functionality. Here, we
report the synthesis of novel amphiphilic peptidomimetics based upon our recently

developed a- and y-A Apeptide scaffolds and their ability to form nanostructures by

molecular self-assembly. As a test of their possible biomimetic applicability, we studied
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lipidated, amphiphilic, a-AApeptides. Even though NA-75 and 77 were designed as AMP
mimetics, they also possess many of the characteristics of compounds which may self-
assemble in aqueous solution or promote biomineralization, so they were also studied in
this project. NA-81 (shown in Figure 19) was also synthesized, according to the same
methodology as NA-75/77. NA-81 and NA-75 and 77 are very similar in overall
structure, with the main difference being that NA-81 is anionic, while NA-75 and 77 are
cationic. The different properties of these compounds may give insight into the
importance of AApeptide charge on their self-assembly and mineralization behavior.

It was reasoned that these amphiphilic AApeptides with lipid "tails" and
hydrophilic "heads" might self-assemble in aqueous solution, driven by the alkyl chains
packing together into the center of micelles or other nanostructures, and the anionic or
cationic groups will remain exposed to the water solution.”>’® These initially formed
nanostructures may then be able to aggregate further to form larger, more complex
nanostructures.

TEM was used to observe any nanostructures formed by self-assembly of the
amphiphilic oligomers. Optical microscopy was used to observe CaCOs crystals formed

in the presence of the AApeptide amphiphiles.

2.1.4b NA-133, 135, 137, and 139
Four new amphiphilic y-AApeptides were designed and synthesized in order to
investigate their self-assembly in aqueous media and ability to influence CaCOs3

mineralization. The structures of these compounds are given in Figure 16. The new y-
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Figure 23 (Cont.): TEM of NA-137+139.

TEM of the AApeptide amphiphiles are shown in the figures above. No
nanostructures formed from NA-75, 77, 81, or NA-139 were observed by TEM, but the y-
AApeptide amphiphiles NA-133, 135, 137, and the mixture NA-137+139 clearly formed
some interesting nanostructures. NA-133 and 135 formed small (< 50nm) nanoparticles.
The mixture NA-137+139 formed large nanorods. Several of the TEM images of NA-
137+139 show what may be smaller nanostructures aggregating to form the larger
nanorods, hinting at a hierarchical mechanism of self-assembly. The TEM images of NA-

137 are not as clearly defined, but they may show small nanoparticles or nanofibers.
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It is important to note that these nanostructures were formed at pH 7. Many
peptide amphiphiles are generally anionic or cationic and self-assemble only at high or
low pH. Purely anionic amphiphiles often only form stable nanostructures under low
pH’®, but disassemble at neutral (physiological), or basic pH. The nanostructures of the
zwitterionic NA-133, 135, and 137+139 are formed at neutral or near-neutral pH. It may
be possible to further develop such AApeptide amphiphiles tuned to form stable
zwitterionic nanostructures at neutral pH, but break down into their subunits under acidic
or basic conditions. Nanostructures which can be tuned to disassemble under certain
conditions are of great interest to chemical biology, because they may be useful for
stimulus-triggered drug delivery, if drug molecules can be introduced into the
hydrophobic inner region of the nanostructure.®’

The hydrophobicity imparted by the phenylalanine-derived side-chains appears to
be capable of sufficiently driving aggregation of the AApeptides in aqueous conditions.
Charge-charge interactions between the zwitterionic y-A Apeptides may also help to
stabilize the aggregation (at least at neutral pH).

This is supported by our observation that the zwitterionic y-AApeptides NA-133
and 135, as well as the complementarily-charged mixture of NA-137+139, have a higher
propensity to form defined nanostructures than the fully anionic or cationic counterparts

alone.

2.3.3 Calcium carbonate mineralization
Calcium carbonate mineralization was done by diffusion of CO, vapor from

ammonium carbonate, into aqueous solution containing CaCl, and AApeptide (control
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had water instead of AApeptide.) There were no subjective differences in the overall
number or size of the CaCOs crystals detectable by visual microscopy between the
AApeptides and each other or the control (H,O solution). The rhombohedral crystals
typical of calcite are visible in the control sample. CaCOj3 crystals grown in the presence
of many of the AApeptides appear to aggregate together, forming clusters of CaCOs3

crystals. The morphology of the CaCOj; crystals grown in the presence of AApeptides

Figure 24: CaCO; mineralization control.

Figure 25: CaCOj; mineralization of NA-75.
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Figure 25 (Cont.): CaCO; mineralization of NA-75.

Figure 26: CaCO; mineralization of NA-77.




Figure 27: CaCO; mineralization of NA-81.

Figure 28: CaCO; mineralization of NA-133.



Figure 29: CaCO; mineralization of NA-135.

Figure 30: CaCO; mineralization of NA-137.



Figure 31: CaCO; mineralization of NA-139.

Figure 32: CaCO; mineralization of NA-137+139.



Figure 32 (Cont.): CaCO; mineralization of NA-137+139.

were markedly different from the rhombohedral crystals of the control. NA-75 resulted in
spherical CaCOj crystals, which aggregate together. NA-77 and several others resulted in
irregularly shaped structures. Clearly, the AApeptide amphiphiles are able to have a
significant impact on the morphology of the calcium carbonate crystals.

Nanostructures formed from AApeptides which are negatively charged at pH 7
would be expected to induce CaCO; mineralization by similar mechanisms to anionic
peptide amphiphiles — nucleating crystal formation by local supersaturation of ions.”®
Cationic or zwitterionic AApeptides also influence CaCOj; mineralization, perhaps
through a similar ion supersaturation mechanism. While anionic sequences may cause
supersaturation of Ca*" ions, cationic sequences could similarly cause supersaturation of
their counter-ion, leading to mineral nucleation. Zwitterionic nanostructures, such as
those formed by NA-137+139, present another interesting possibility — a mechanism by
which both cations and anions are templated by the anionic and cationic residues at the
surface nanostructures.”””’® While few of the AApeptide amphiphiles formed

nanostructures, nearly all of them had some influence on CaCOjs crystal morphology. It is
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therefore impossible to draw any firm conclusions about the effects of nanostructure

morphology on CaCOj; mineralization without further study.

2.4 Conclusion and Future Work

We have demonstrated the ability of rationally designed, bio-inspired, novel
AApeptide amphiphiles to form nanostructures by molecular self-assembly. Several y-
AApeptides, NA-133, 135, and a 1:1 ratio of NA-137 and 139 were observed to form
nanostructures in aqueous solution. NA-137+139 formed large nanorods, and NA-133
and 135 formed spherical nanoparticles, possibly micelles or liposomes.

Furthermore, we have demonstrated the ability of these and other AApeptide
amphiphiles to influence CaCO3 mineralization. CaCOj crystals formed in the presence
of a number of AApeptide amphiphiles were found to have different morphology than
typical rhombohedral calcite crystals. This finding is significant to the development of
novel peptide-based nanomaterials to undergo mineralization of biologically relevant
minerals. The ability for the AApeptides to influence CaCO3 mineralization may also be
relevant to research into CO, capture and storage, since the source of carbonate for the
mineralization was gaseous CO,, diffused over the aqueous solution. This is an important
area of research, because sequestration of atmospheric CO; is one strategy to alleviate
global warming.®’

The properties of AApeptide amphiphiles and their nanostructures still require
further study. Study of the nanostructures to investigate their possible utility for triggered
drug delivery would also be interesting, since there is a need for tunable, biodegradable,

vehicles for drug delivery.®’ Kinetic study of CaCO3 mineralization in the presence of our
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AApeptide amphiphiles to determine whether the rate of CaCO3 mineralization can be
improved by such systems is also needed.®” Also of interest is hydroxyapatite
biomineralization, which may be important to research into bone or enamel

regeneration.”>"’°
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