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This dissertation describes advances in the developroénpeptide-based method for
assembling nanomatelsaThe aim ofmy work is four-fold: 1) develop methods toationally
tune the metrics of gold nanoparticle superstrucf@edevelop approaches pwstsynthetically
modify and stabilizegold nanoparticlesuperstructures;)3develop an understanding ¢fie
underlying peptide assembly scaffold and howdittates the final nanoparticle assembly
architecture and 4 develop newhybrid materials withpeptide conjugatemoleculeshaving
programmabldr-groups.

Specifically,in Chapter 2 describe methods to tune the assembly of dekélieal gold
nanoparticle supersictures by modulating the sterics amgdrophobicityof a family of new
peptide conjugate molecules. | show that | tame the assembly metrics dbubles helices
including pitch, nanoparticle size, and interhelical dista@tmpter Adescribs the confuction
of singlehelical gold nanoparticle superstructurélsat exhibitintense chiroptical activityl
examine the underlying peptide assembly swture and arrive at a moleculavel
understanding of thleassembly and how it relates to the chirahoparticlesuperstructureln
Chapter 4 | demonstrate a straightforward approach to rationally tune the metrics of hollow
spherical gold nanoparticle superstructureduding nanoparticle coverage density and sphere
diameters. | further demonstrate thheir assembly can be sthbed postsynthetically via

ligand exchangdinally, in Chapter 3 designnew peptide conjugate buildy blocks composed
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of peptides andoligonucleotidesnterlinked by ahydrophobic organic coredutlinedesign rules
thatgovern their assembly and show that their assembly morphology can be rationally predicted

and altered.
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1.0 INTRODUCTION

1.1 SELF-ASSEMBLY IN NAT URE

Humans havdong been fascinated with and inspired by the natural world. The beauty and
complexity found in naturéave beerresourcesmined throughout history foknowledge and
understading in every aspect of life amdmaina source of inspiration for future transhative
ideas and innovation# variety of fields, such as the visual arts, architex; engineering, and
chemistry would not be where they are today without thespectivecontributors seeking
vision and insight from theaturalworld around them. &ently, within the rden of materials
science and chemistry, the natural process of moleculaassdimblyi ubiquitous in naturé
hastransformed howscientists in these fieldsontemplatehe desigh and construain of new
materials.

Molecular sefassembly ishe spontaneous setfrganization of individual moleculesto
hierarchical structures These structures are assembledmarily through non-covalent
interactionssuch asvan der Waa forces electrostatic interactiongnd hydrogefbonding.
Natureprovides countless examples of satsembled systems thdisplay exquisite properties
andfunction. Amazingly, these complex structures are assembled using simple biomolécules.
prime examplere proteins. Poteins are composeaf amino acid residesconnected via amide

bond linkagegpolypeptide chain Theamino acids that constitute thelypeptide chain encode



Ring Proteins Non-covalent Catenane Proteins

Figure 1.1. Severaldifferent natural supramolecular protein assemblies. Ring proteiné a }clamplofE. cbli

(PDB:2POL); (b) the proliferating cell nuclear antigen PCNAdokapiengPDB:1AXC); (c) bacteriophage T7 gp4
helicase (PDB: 1E0K) ; (d) bacteriophage & exonuclease (
1KNO). Noncovalent catenane proteins: (a) RecR (PDB: 1VDD); (b) Cys168Ser variant of Prx Ill (PDB: 1ZYE);

(c) class 1a RNR (PDB: 4ERP); (d) £Bydrolase (PDB:3TEO). Tubular protein assemblies: (k) TMV (PDB:

4 UDV) . -hefndlysin pdre complex (PDB: 7AHL); (m) &nix protective antigen pore (PDB: 3J9C); (n)

PhiX174 bacteriophage tail (PDB: 4JPP); (0) Hcpl fiemaeruginosa(PDB: 1Y12). Protein cages: (a) maxi

ferritin (PDB: 1BFR); (q) miniferritin (PDB:1DPS); (r) superimposition of ribbon structures of fféniitin (light)

and maxiferritin (dark); (s) a surface view of the rat vault shell (PDB: 4HLB8); (t) ribbon structure of the major vault

protein monomer, showing the structural repeat domains (green), the shoulder domain (bluejhétiz damain

(red), andhe capring domain (magenta); (u) surfaset r uct ur e of tr i s k e-hdlicalzigzagd z oo m

(PDB: 1XI4); (v) structure of hexagonal barrel. (All figures adapted from ref. 1)



the intricate foldinginformation that directsther assemblyinto stable functional 3D protein
architecturs. These defined protein architecturtben serveto perbrm a variety of complex
tasks as observed in biologyFigure 1.1 presents severalliverse supramolecular protein
asembliesfound in nature, highlighting the immense potential of simple biomolecelgs (
amino acids) as building blocks for the design and constructionntotate, complex

nanomateria!

1.2 SELF-ASSEMBLY OF METALLIC NANOPARTICLES

Motivated by the complex and functionadsemblieslerived frombiological building blocks,
scientists haveegunexploiting biomoleculedor the design and fabricahaf a diversearray of
novel synthetic materialdn the context ofthis dissertation, Will focus onthe assembly of
metallic nanoparticles into hierarchicaliperstructuresThese novel hybrid materials have

received significant interestueto their unique and exceptional properties.

1.2.1 Properties of metallic nanoparticles and their assemblies

Nanoparticlesare classified as having Bast one dimension between 1 and 10Q fmthis
nanosizeeregime new propertes emerge whiclare not observefbr their bulk counterparts.
This is especially evident witmetallic nanoparticles. Metal nanoparticles exhilmitquesize,
shape, andcompositiondependent propertieghich makethem attractive candidates as building
blocks for thefabricationof new materialsThe optical properties of metal nanoparticles have

been heavily studied and will be a focus of some of my \woekentedhn this dissertationMetal



nanoparticles, such as gold and silmanoparticlesarecharaterized by theitocalizedsurface
plasmon resonancé $PR)? LSPR is the resonant oscillation of conduction band electrons of
metal nanoparticles in thpresene of an electromagnetiield. The frequency atvhich the
electrons resonate can directlydieserved by their absorpti@tthat corresponding wavelength.
This LSPR absorptionband is highly dependent on the physical shape of the particlé, the
passivatingigands and their composition. For exampllee LSPR bandf gold nanorod€an be
tunedfrom the visible to the neanfrared (NIR)simply by adjustingheir aspect ratigFigure
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Figure 1.2. Tunable optical properties of gold nanorods by changing #epect ratios. (a) Gold nanorods of
different aspect ratios exhibit different dimensions as observed by TEM. (b) Different colors aiffér@td SPR

wavelengths associated witblloidal solutions ofianorods of diffeent apect ratios. (Alapted from ref. B

In addition to their size shape and compositiolependent propertiegnetallic

nanoparticles also exhib#nsemblgropertiesvhen assembled togeth&or exampledispersed



and aggregated gold nanoparticles display diffemgtical properties15 nmgold particles
exhibit an LSPR band aipproximately520 nm. This absorptiom the bluegreen region of the
visible spectrum givesise to thedeepred colorthat is observedwhen these particles are
suspended in solutiorHowever, under conditions that cause aggregagopurpe colored
solution is observed, signifying a reshift of the LSPR absorption banthis arisedue to the
plasmont coupling between neighboring nanoparticles, whene conduction electrons of
particlesin close proximity oscillate in unison, thereby shiftinthe LSPR band to longer
absorptionvavelengtks.

Based onthe unique tunablepropertiesof metal naoparticlebased assemblies, these
materials have found applications as optical serf$bssirfaceenhanced Raman spectroscopy
(SERS) substrat€s® heterogenousatalysts! therapeutic agenfs?2* 6 pl as mo H® r ul er s
and ascomponents in optoelectranand metamaterial devic&st’ Currentwork in this field is
focusedon developingmethodgo rationally arrangenanoparticlesnto desirable architecturee

precisely engineer and optimize their properties

1.2.2 Biomoleaule-directed assembly ofmetallic nanoparticles

Taking advantage of the intrinsic assemblsoperties of biomolecules,esearchers have
employed several different biomolecular buildindodks such as nucleic acid8, &2
peptides’>3° proteins®3* and viruseg>3’for di r ect i Augp 6t hceo néshmetalitcatm on
nanoparticles The unique programmability of biomolecules allows fational design of

assembyl architectuwes and systematic construction ohaterials wih tunable morphologies and

properties.



A few exanples of bbmoleculedirected assembly of metallic nanoparticles are shawn
Figure 1.3. Recently, he Mirkin group pioneereddNA-basedassemblymethodsof metallic
nanoparticlesnto 3D crystallinenanoparticlesuperlattice (Figure 1.3a).2122 Their methodakes
advantage ofthe programmable bagmiring interactions betweecgomplanentary DNA-
functionalizednangatrticles Under thermodynamicontrol they show that they cammogram the
assembly ofnetallic nanoparticles inta variety of differenperiodic lattice$*2? In addition to
DNA, viruses and proteinsave also been utilizeas assembly scaffolds and directing agents for

assemblinghanoparticles(Figure 1.3b,c).

500 nm

Figure 1.3. Examplesof biomoleculedirected assembliesf metallic nanoparticlega) 3D crystalline nanoparticle
superlattices assembled from DMénctionalized nanoparticle@dated from ref. 22 (b) Gold nanoparticles
decorated ont@ tobacco mosaic virus scaffolddapted from ref. 36 (c) End-to-end assembly of gold nanorods

usingstreptavidin/bidh linkages (adapted from ref. 34



1.3 PEPTIDE-BASED METHOD FOR ASSEMBLIN G NANOPARTICLE

SUPERSTRUCTURES

Over the past decadthe Rosi group hadeveloped a peptideased approacfor assembling
nanoparticles into compleand tunable archettures. The methodology centers arouhe
distinctive capabilities of peptidebasedmoleculesand provides a route for designing and

assemblingnanoparticlsinto intricatearchitectures

1.3.1 Assembly andsubstrate-binding properties of peptides

Peptide selassembly is promoteloly a variety of norcovalent interactions including hydrogen
bonding,electrostaticsyan derWaalsforces hydrophobidanteractionsa nd”~ st ac ki ng. B
on theamino acidsequencef the polypeptidechain these norcovalent interactions cadrive

the assembly of peptide molecules into various secondary strecei s utteénl iacse-sU and
shees. In addition tothe amino acid sequendself, moietiesthat provide additional assembly
properties can battached to the Nand Gterminit o gener at e O pRegtidei de c o
conjugatesften consist ofa peptide linked to aydrophobic groupdgg., aliphaticchain); such

peptide conjugates are designednmt@mic the assembly properties of amphiphilic peptides.

Figure 1.4 shows several different peptitb@sedstructures with differenmorphologies that
wereassembled using peptides and peptideugates including nanotub&s® helical fibers!*

41 spherical structure®;* and nanosheef8?’



Figure 1.4. Variousstructuresassembled fronpeptides and peptide conjugatés. AFM imagesof KFE8 helical
assemblies in aqueous soluti@dapted from ref. 41fb) TEM image of vesicles assembled from-BRPER,, (BP
= bipheny] A = alaning (adapted from ref. 59)c) TEM and SEM (inset) imag# nanotubes assembled from N
lauroytA [{16-22) assembled in 40% GEN/water with 0.1% trifluoracetic acid for2 weeks(adapted from ref.
38). (d) Assembly scheme antEM image of nanosheetassembled froralphahelical peptids (scale bar = 200

nm; adated from ref. 45)

An important feature opeptidebased materials the ability to tune their morphology
and assembly metricky manipulating theiprimary sequenceDrawing from the chemically
diverse set ohmino acid residuesesearchersanrationally assemble peptideogstructs into
materials withprogrammablghysical] mechanicaland chemicaproperties Cui et al. recently
demonstrated the effect of amino acid sequence oagbemblyof 1D nanostructures of four
constitutionally isomeric tedipeptide amphiphiles={gure 1.5a).*® They shovwedthatthey could
tunethe morphology and mechanical properties of 1D assemblies by changiptateenen of
E and Vresidueswithin the tetrapeptidéFigure 1.5b-d). For example, they determuhe¢hat
VVEE peptide conjugatesissembleinto rigid cylindrical fibers, wherea&VEV peptide
conjugates assemble irftexible twisted nanoribbong-{gure 1.5c¢,d, respectively). Theiresults

highlight the sequencdependent properties of peptidased materials anthow simple

8



modificationsto the peptide sequen@an havea profoundimpact ontheir morphologyand

mechanicaproperties

Oy OH o OH
0 W ©
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Figure 1.5. (a) Molecular structures and schematic representation of isomeric peptide amph{ptrele€ryc TEM
images of a variety of 1D nanostructures formed by the debigeptides in water after 2 weeks of incubation at
room temperature(b) nanobelts of VEVE; (c) rigid dyndrical nanofibers of VVEE; (d) twisted nanoribbons of

EVEV; and (e) flexible and entangled nanofibers of EE{Adapted from ef. 48)

In addition totheir intrinsic seassembly capabilitiegpeptides also exhibit substrate
recognition capabilities Synthetic peptides can selectively recognaed bind biological
substrated*®! graphené?®® and inorganic surfas@**® Chiu and coworkers elegantly
demonstrated the binding capabilities of two platifpinding peptides, T7 (TLTTLTN) and S7

(SSFPGPN), for directing thehapecontrollednanocrystal synthesis of platinunanoparticles



(Figure 1.6).°° Using phage display, T7 and S7 were identifiedthieir preferential bindig onto
the [10Q and [11] facets of platinum, respectively. They then showed that reduction of

platinum in the presence @7 or S7directed the growth afianocrystals into Pt nanocubasPt

tetrahedrarespectively
a Phage library b Peptide-directed nanocrystal synthesis
Pt-{100} binding 0\5\\"1’0
peptide sequence <1 Ly )
T7:Thr-Leu-Thr-Thr- PN
Sequence Leu-Thr-Asn
selection Pt cube
Pt-{111} binding Pt seed S)\‘
peptide sequence R Stag,,.
S7:Ser-Ser-Phe-Pro- 117 7 "2e
GIn-Pro-Asn

Pt tetrahedron

Figure 1.6. Biomimetic approach to the predictable synthesfi shaped nanocrystals. Gyhematic illustration of
facespecific peptice sequence selecti@nd nanocrystal synthesis:-[R00] binding peptide sequence T7 and Pt
[111] binding peptide sequence S7 areestdd against [100] faceted and [11ddeted substrates; (b) faegtecific
peptides are used to direct the synthesidaifrum nanocrystal cubes and tetrahedraspectively. (c) TEM images
(scale bar = 20 nm)f platinum nanocrystals obtained in the presence of (c) T7, (d) S7, and (e) BP7A (a peptide
previously selected against bulk platinum polycrystalline surfaces)E(f) image(scale bar = 20 nngf platinum
nanocrystals obtained in the absence of peptidissamples were conducted under the same conditions and

collected after reacting for 10 migAdapted from ref. 56
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1.3.2 Methodology background

Exploiting both the sélassembling and inorganiinding properties of peptidesie Rosigroup
has devalped peptidebased methalfor constructingordered nanoparticle superstructures
havingtunable struatres and properties® 2> 5”5° This method was first successfully realized in
2008, when Cheat al employed a gokbinding peptideconjugate, @-PERw (Ci2 = 12-carbon
aliphatic group, PER = AYSSGAPPMPPP), to direct the assembly ofjold nanoparticle®
They demonstrated that in the presence of a gold precursor (chloroauyielAafdls) and 4(2-
hydroxyethyl}1-piperazineethanesulfonic acid (HEPHS)ffer, G2-PERw both bindsto and
directs the assembly ofold nanoparticles intpristine doublehelical superstructuresF{gure
1.7). Sincethis work, the Rosi guagp has continued to develop theethoalogy with emphasis
on: 1) exploringthe corstructionof new nangarticle assembly architectures, @ntrolling the
structure metricsof nanoparticle assembliesand 3 studying their structurdependent

properties.

I: C,,-PEP,, amphiphiles
Simultaneous 3
Synthesis and P Y IIl: Model of double helical
¢ Assembly gold nanoparticle assembly
i
HAuCI,
Buffer

o 55 e
pa L MR VT
ProstinS: \x;u\k. R

Figure 1.7. Left-handed gold nanoparticle double heficare synthesized and assembled directly in a reaction
containing HEPES buffer solutions of chloroauric acid apgRER,. TEM image analectron tomography data of

the doublehelical gold nanoparticle superstructare shown(Adapted from ef. 25
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The central component of the peptiolesed nanoparticle assembly methodology is the

peptide conjgate Figure 1.8). As mentionedabove,the peptide conjugate plays a Huale in

that it functionsboth as themolecuar selfassemblingbuilding block and as ananoparticle
bindingagent.Thereforein order to target new assembly architectures and control their structure
metrics €mphasid and 2), new peptide conjugate molecules musiniy@oyed To address this,
sevaal past and ongoing studies hafeeused onmodifying the peptide conjugatdhese
modifications include: varying the-Broup®? incorporating additional sidues to the Nand G
termini®® controlling amino acid dhality,®* varying the peptide valendy, modifying the
chemical oxidation state of residi@sind utilizing differenipeptide sequenseo bind particles

of different compositiongFigure 1.8).1

Peptide Conjugate: Nanoparticle Directing Agent
Inorganic-Binding Peptide

ANANN
Additional AAs
Hydrophobic AA Chirality
R-groups

Linker Valency

Figure 1.8. The peptide conjugate and the wais modifications for tuning itsssembly
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1.3.3 Chiroptical properties of helical nanoparticle superstructures

In addition to assembling nanoparticle superstructures, the Rosi group has also inddbiggate
properties andapplications of these hybristructures(emphasis 3)As mentioned in Section
1.2.1, the optical properties of metal nanoparticles are dependennly on their size, shape,

and composition, but alson their spatial arrangement with respect to one tsrofhis was
clearly evidenced by the interesting chiroptical properties ohtbeementionedloublehelical

gold nanoparticlesuperstructuregFigure 1.9). Songet. al. showed that gold nanoparticles
arranged ito a chiral superstructure give rise to a circular dichroism response at the plasmonic
wavelength of the nanoparticle assenf3i¥his chiroptical property has spa#t interesbecause

of their potential applications as chiroptical sen$®?8, circular polarizer$?® and

metamaterial’ 6%70

Circular Dichroism (milldegree)

Left-handed Right-handed
double helix double helix

400 450 500 550 600 650
Wavelength (nm)
Figure 1.9. Circular dichroismspectrdor left- and righthanded gold nanoparticle double helices (blue and red line,

respectively) and the 3D surface rendering of the tomographic volumes revealing tedeftththanded nature of

the double heliceare shown(Adaptedfrom ref. 61)
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1.4 OBJECTIVES AND OUTLI NES

Before | joined the lab in 2012, much of the research conducted in the ¢goteyed around
exploring new nanopartle superstructures througmanipulation ofthe peptide conjugate
building blockas described in Seoti 1.3.2 This work provided a foundation for my dissertation
studies aimed at iyationaly controlling and tuning nanoparticlessembly architectusgeii)
systematically modifying the surface chemistry ohanoparticle superstructweand iii)
developinga more completeunderstandingf the peptideassemblyscaffold underlying the
nanoparticle superstructurn addition, prior peptide conjugatesxplored in the Rosi group
incorporatedonly simple R-groups (aliphatic carbons or biphenyl molecylesVhile these
proved useful in assembling many interesting and previously unobserved nanoparticle
superstructureghese moieties are limited as yhearry no encoded informatiahat could be
used, for exampleto build responsive or dynamic assemhlids a lastaim, | explored the
assembly of peptide conjugates havimgctional, responsive 4groups

Throughout my PhDvork, | specifically addressetiese areasf opportunity In Chapter
2, | describethe use of multivalent peptide conjugates to controldtnecturemetrics of double
helical gold nanoparticle superstructures, such as their (higstgmuir2015 31, 94929501). In
Chapter 3, | describéhe constructionof chiral singlehelical nanoparticle superstructures that
exhilt intense chiroptical activityand | e&tvelopa comprehensive peptide assembly model that
accounts for their assembly. (Am. Chem. So016 138 1365513663). Chapter 4 describes
new methodsfor tuning the structuresof hollow sphericalgold nanoparticlesupestructures
including nanoparticle coverage density agphere diametersalsodetermine routet® stabilize
their assembly and tune their surface chemigtr@nuscript in preparation Finally, in Chapter

5, | descrbe a new research direction that involves thesign, synthess, and assemblyof

14



peptideoligonucleotide chimeras (POCg&nanuscriptsubmittedl. | develop design rules that

govern their assembly and show that one can logically atie predict their morphology
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2.0 ADJUSTING THE METRIC S OF 1D HELICAL GOLD NANOP ARTICLE

SUPERSTRUCTURES USINs MULTIVALENT PEPTID E CONJUGATES

This work, written in collaboration with Joseph Slocik, Martin G. Blaber, George C. Schatz,
Rajesh Naik, and Nathaniel L. Rasis reprinted with permission frorhangmuir 2015 31,
94929501. Copyrigh2015, American Chemical Sociefiyhe sipporting information isoundin
Appendix A.

Dr. Joseph Slocik performed the QCM binding studizs.Martin G. Blaber conducted

the computational modeling studies of the effect of pitch on CD intensity.

2.1 INTRODUCTION

As mentioned in Chapter 1, nanoparticle superstructures exhibit collective properties that are
dependent on themorphology and structuré.’® Therefore, methods that allow one to tune and
optimize these collective properties are important for proposedcapphis.There are numerous
studies that explore soft assembly structure as a function of peptide sequengeptnel
terminus modificatiorf® 7678 however few accountexploit thesehighly tunable nanoscale soft
assemblis as a means fordesigning programmable, precisely ordered nanoparticle

superstructure® 6% 6°
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Previously, we used a peptide conjugate;RER\ to direct the assembly of chiral Ilgo
nanoparticle double helicésThese assembliesHibit a collective plasmonic circular dichroism
(CD) signal arising fsm the chiral arrangement of diste achiral nanapticles®® Chiral
nanoparticles and chiralanoparticle assemblies are rgo®y significant interestand tuning
their chiroptical properties is importafttr potential application” 668 However, adjusting the
structure of helical nanoparticle assemblies has not been extensively explored experimentally.
Govorov and cavor ker s computationally i nvestigated
nanoparticlenelices as a function of defects and helical structure paramTdrey showed that
adjusting the pitch and other metrics of the helix modulates the strength of the CD signal.
Moreover, computational modeling of the CD behavior of dothleleeal gold nanoparticle
superstuctures prepared by our group indicates that the CD signal strength is dependent on
structural parameters including helix pitdfigure S237) and nanoparticle siZé.Motivated by
these computational studies that illustrate the need for-tdimeg helical nanoparticle
superstructures, we aimed to use peptides to systematically control the structural parameters of
doublehelical gold nanoparticle assemblies via simple synthetic modifications to the peptide
conjugate Specifically, we address two important design factors of acylated peptide conjugates
on their peptide assembly: (i) the length of the aliphatic tail and (igtdrec requirements of the
peptide. We present a study that explores the effect of these two factors on various structural

metrics of assembled fibers and helical gold nanoparticle superstructures.
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2.2 RESULTS AND DISCUSSION

In previous research1EPERw conjugates assemble into 1D twistedefis?® From structure and
spectroscopy studies, it was determined that the handedness of the fibers derives from the
chirality of the pepdes®' which pack laterally perpendicular to the fiber axis. A reported
assembly model that is consistent with these obtiengais illustrated irFigure 2.10.7® In this

model, the peptide conjugates associate in anteerdd fashion through hydrophobic
interactions betweealiphatic tails and amino acid side chain interactions between the peptide
head groups to form layers with a certain widih {hat gan the widthof the fiber.Of course,

this ignores restructuring that likely occurs because the structural model allows for direct
exposure of the aliphatic tails to wat&€he fiber thicknesg, is determined by thiength of the

peptidebilayer and shald remain relativelyonstant

a b QD
| <= > || <= | =

Aliphatic Peptide lﬁ
chain head group

+-— W —>

Figure 2.10. (a) Peptide conjugate consisting of a peptide headgroup and an aliphatic chain; (b) peptide conjugates
associate in an ertd-end fashion via hydrophobic interactions between aliphatls and amino acid side chain
interactions between peptide headgroups; (c) assembly scheme illustrating the assembly of twisted fibers from
peptide conjugate building blocks (fiberdth, w, and fiber thicknesg), are indicated).
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With this model aghe assembly basis,endesigned a series of peptide conjugates in
which we varied the number of peptide hegdups to systematically control the sterics of the
peptide portion. Within this series, we also adjusted the length of the aliphatic tail.lnvita
prepared a new family of 12 peptide conjugate molecules containing either 1, 2, or 3 peptide
headgroups and having either 4214, 16, or 18carbon aliphatic chains attached to their N
termini: monovalent conjugate & PERw)1, Ci4-(PERW)1, Cis-(PERW)1, Cis-(PERW)1; divalent
conjugates ©-(PERw)2, Ci4-(PER\)2, Ci6-(PER\W)2, Cie-(PERW)2; and trivalent conjugatesi&£
(PER\W)3, Cis-(PERW)3, Cie-(PERW)3, Cis-(PERW)s (Table 1.1). We used Cu(tratalyzed azide
alkyne cycbaddi ti on fic ltoi effikiently cymtbesizesther gonjugaf€8! The
conjugates were prepared by reactingteNninal azidemodified PERu (N3-PERw = Ns-
C4HsCO-AYSSGAPPMPPF, Figure S238) with aliphatic tails (@2, Ci4, Cis, Or Cus)
functionalized with 1, 2, or 3 alkyne grougddure S239). The icentity of the alkyne substrates
was confirmed usingH NMR spectroscopy. The peptide conjugates were purified using reverse
phasehigh-performance liquid chromatography (HPL.@nd their composition was confirmed

using mass spectrometriyigure S240, Figure S2.41).
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Table 1.1. Family of 12 peptide conjugate molecules with varying number of peptidegheayls and varying

aliphatic tail lengths

Monovalent )
Conjugate

PEPa, 10 | C,,APEP,,),

I \/’i”)”ﬂ 12 | G, APEPA),
\F’)JLE/\\/O =
x

14 | €, PEP,,),

16 | C(PEPy,),
Divalent
X .
) s, Conjugate
o C/_C"I‘ 10 | € (PEP,,),
\f‘%ﬁ{ 12 | €, (PEP,,),

N 14 | C,-(PEP,,),

o
\/\/YPEPM 16 CW-(PEF’A“)2
[¢]
o

Trivalent [_/}
r[N\ X | Conjugate
\H’j\ o " o 10 | C,,-(PEPA),
g “{\J’/\(\Pw ) 12 | € PEP.),
\gi\\r 14 | C ~(PEP,,),

16 | €, -PEP,),
[+]

2.2.1 Softassembly of peptide onjugates

Soft assembly studies were performed to determine how the conjugates assemble in aqueous
buffer. Each conjugate was dissolved in a mixture of HEPES bpif¢r7.3)and citrate. These
conditions were chosen because they aedufor the nanoparticle synthesis and assembly
experiments \(ide infra). TheT COOH at the @ermini of the peptides are deprotonated at pH

7.3, so CaCGlwas added to the solutions to provide?Gans that could shield the negatively
charged carboxylatend promotessembly of the conjugat®sAfter each solutionvas allowed

to sit at room temperature for 1 day, TEM was used to observe and characterize the soft
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assemblies (Figure 2.11). Depeding on the conjugate, eitherD1 fibers or small
spheref/aggregate structures werbserved. Fibers were the predominant product for all the
monovalent and divalent conjugatesscept forCi-(PERw)2, for which no clear assersal
structures were observed. Twisted ribbidver morphologes were clearly observed for the
monovalent conjugas. In addition, some spherical structures were observediidPER.)1

and Gz (PERuw)2. Generally, more fibers were observed under TEM as the length of the aliphatic
tail increases. Only small spherical assemldggregate structurewere observed fothe
trivalent conjugates. We concluded frothese assembly studies that the propensity for a
conjugate to assemble into fibers is dictated by the relative ratio of its hydrophobic (aliphatic
tail) and hydrophit (peptide) component#s the length of théydrophobic tail increases, the
likelihood of forming fibers increases. If the aliphatic tail is too short relative to the size of the
peptide head group, the conjugates do not assemble into fibers. In these cases, to maximize the
interactions between thehydrophobic tails, the peptide conjugates assemble into
sphericalaggregatestructuresThe relative solubilities of the conjugata®e also importanfThe
peptide head group is rehaly soluble due to numerous hydrogbonding sites along the
peptide;therefore increasing the peptide valency would decrease the overall hydrophobicity of

the conjugate and lower the driving force for assembly.
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Figure 2.11. Negatively stained TEM images of the peptide conjugate soft assembléeguastion of peptide
valency and aliphatic chain length (scale bar = 100 nm): {8]RER)1, (b) G4 (PERW)1, (¢) Ge(PERW)1, (d)
Cig(PERW1, () G(PERW)2, () Cir(PERW)2 (9) Ge(PERW)2 (h) Gs(PERW)2 () Ciz(PERW)s, () Cis

(PEFAU)g, (k) Cle-(PERu)g, and (|) G_g—(PERu)g

Having established that the monovalent and divalent conjugates assemble into fibers, we
next examined how valency and aliphatic tail lengtfect fiber width, thickness, and pitch.
Fiber widths were measuredom the TEM images Figure 2.12). Fibersassembled from
divalent conjugates had narrower widths than those assembled froovatent conjugates, and
in both cases the aliphatic tail lengthoes notsignificantly affect the fiber width.This
observation is consistent with theported modelRigure 2.10). The fiberwidth correlates with
the extent of lateral packing, and the monovalent conjugates can preswassdihgblenore

easilylaterally Figure 2.13a) comparedo the divalentconjugatesKigure 2.13b) becauséheir
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peptide head group has a smaller steric requirement. This allows foraworalfle sidéy-side
packing for the monovalent conjugates and greater hydrophobic interactions between the
aliphatic tails compared to the divalent conjugates. Peptide conjugate packing within the
assemblies was studied usgttenuated total reflectané®uriertransform infraredATR-FTIR)
spectroscopy IR spectroscopy can provide information about th&erhal structure of the
fibers® Briefly, Cis-(PER)1, Cis-(PERW)2, and Ge-(PEP)3 were dissolved in a 1:1 mixture of
CHsCN andNanopure waterNP HO), and the solution was directly drapstonto the ATR

FTIR substrate. The solutiomas allowed to slowl evaporate to induce assembBoth Cis-
(PERw)1 and Gs-(PERW)2 formed fiberswhile Cis-(PERW)3formed spherical structureBigure

S242). The signals observed at 2920, 2924, and 2925fomCis-(PEP)1, C1s-(PERW)2, Cie-

(PERW)3, respectively, correspond tol vibrations Figure 2.13d). Thesignal for Gs-(PERw)1

Count

0 0 0
6 7 8 910111213141516 17 18 19 6 7 8 9 10111213141516 17 18 19 6 7 8 910111213 141616 17 18 19 6 7 8 910111213 141516 17 18 19
Nanofiber Width (nm) Nanofiber Width (nm) Nanofiber Width (nm) Nanofiber Width (nm)

L] 0
567 8 91011121314151617 1819 6 7 8 9 10111213 14 1516 17 18 19 67 B 9 1011121314151617 1819
Nanofiber Width (nm) Nanofiber Width (nm) Nanofiber Width (nm)

Figure 2.12. Nanofiber width distribution for (a) (PER\)1, 12.6 £ 1.3 nm based on 60 counts; (b} @EPR.)1,
12.1 + 1.7 nm based on 70 counts; (e(PER\.)1, 12.6 + 1.1 nm based on 100 counts; (B(@ER.)1, 13.8 £ 1.1
nm based on 100 counts; (exQPEPR.,)2, 8.9 = 0.9 nm based on 70 cour{f$C16-(PEP\.)2, 9.3 + 1.2 nm based on

100 counts; and (g)1&(PER.)2, 8.3 £ 0.9 nm based on 100 counts.
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is the same fowhat is observed for crystallinglymethylene chainss(~2920cn?), and the
signals forCis-(PERw)2 and Gs-(PERW)s are closer to what is observed fbe liquid gate (v

~2928 cm').8+® Thesedata suggest a grea amount of disorder within the aliphatic core of the
divalent and trivalent peptide conjugate assemblies in comparison to the monovalent peptide
conjugate assemblies, which is consistent with the assembly model and our fiber width
measurements. Spec#ity, we expect greater order in the monovalent conjugate assemblies
because the conjugates carore effectively pack togetheFigure 2.13a) than the divalent
(Figure 2.13b) or trivalent conjugates Kigure 2.13c). This efficient packing leads to better

lateral assembly and largiber widths.

0.104

JE’ 0.08 4

0.06 4

C
0.04 4
0.02 e —————
2975 2950 2925 2900 2875 2850 2825
1
Wavenumber (cm )

Figure 2.13. Packing model of (a) &&(PERW)1, (b) Gs(PERW)2, and Gg(PER\,)s assemlies. (d) GH vibration

Absorbance

bands in théR spectraf Cig-(PEPR\)1 (blue line), Gs-(PER\)2 (red line), and G-(PEP\)s (green lineassemblies

From the TEM imageie monovalent conjugates clearly assemble into twisted fibers.

these cases, the fiber thickn¢dsn Figure 2.10) couldbe measured at the twist point where the

24



width of the fiber is aligned perpendicular to theface of the TEMgrid (Figure 2.14a). The
fiber thicknessesvere 9 nmandremained relatively consistent bet@n assemblies, regardless
of aliphatic taillength §igure 2.14b-e). However because the AFM data indicate that the
divalent fibers areéwisted(vide infrg), we speculat¢hat the thicknessf and the width\) are

nearly the same (~9 nm).

0
5 6 7 8 9 10 11 12 13 14
Nanofiber Thickness (nm)

0 0 0
5 6 7 8 9 10 11 12 13 14 5§ 6 7 8 9 10 11 12 13 14 5 6 7 8 9 10 11 12 13 14
Nanofiber Thickness (nm) Nanofiber Thickness (nm) Nanofiber Thickness (nm)

Figure 2.14. (a) TEM image showing the twist points used to measure the fiber thickness (scale barm).100 n
Fiber thickness distribution of (b)1£(PER\)1: 8.7 + 1.0 based on 30 counts; (aQy-CPER)1: 8.9 £ 1.2 based on

60 counts; (d) &-(PER\)1: 8.8 + 0.9 based on 60 counts; (e3-(PER)1: 10.3 + 1.9 based on 30 counts.

TEM and AFM were usetb gudy the fiberhelicity (Figure S243-S2.50. From AFM,
helical segments of the fibers were analyzed to deterth@iepitch.The fibers assemblddom
Ci2-(PER\)1, Ci4-(PERW)1, Ci6-(PERW)1, andCis-(PERW)1 had average pitch values of 18613
nm, 196 + 11 nm, 214 + @m, and238 + 30nm, respectively Figure S244-S2.47). Because

these twisted fibers were sufficiently wide, TEM could also be used to measure their pitch
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(Figure S243). For thedivalent conjugates, 1&(PERw)2 and Gs-(PERW)2, the average pitch
measured from AFM was 12820 nm and 184 + 16m, respectively Figure S249 and Figure
S250). We were not able to observe fibdos Cis-(PERW)2 (Figure S248); instead, spherical
structures were observed. We attribute this to the low yiefibeis formed for this conjugate
compared to &-(PERw)2 and Gs-(PER.)2 based on the TEM dataFrom these datait was
determined thathe pitch i) increases with increasing aliphatic chain length; ihdecreases
with increasing peptide valencyh@&se results are consistent with previous reports where larger
fiber width leads to twisted fibers having longpitch?® 7 To summarize, monovalent
conjugates, which have larger fiber widths (more lateralipgglare less prone to twistirigan

their divalent counterparts, which have narrower widths.

2.2.2 Nanoparticle assembly sidies

After studying thesoft asembly behaviorof the fibers we proceeded to prepare nanoparticle
assemblie using the peptide conjugat@he peptide conjugates were dissolved imixtureof
HEPES buffer and citratélEPES functions as the primary reducing agent for the gold ions and
assists in disolving the peptide conjugat®s® An aliquot of a solution of HAuUGlin 1.0 M

TEAA buffer wasadded and the resulting solution was vortexed and then left undisturbed at
room temperature for several houtdanoparticle assembliesene observedy TEM (Figure

2.15). The morphologyof the nanoparticle assenddi formed from the different peptide
conjugates corresponds to the morphology of the respesift assembly structuredD
nanoparticle assemblies were observed for tbejugates that assembled int® Ifibers;
randomly distributed nanoparticles were etved for the conjugates that did not assemble into
fibers. In previous work, we found that conjugates that assemble rapidly into fibers tend to yield
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poorly-formed nanoparticle superstructures with irregplarticle shapes and diametgt©n the
other hand, conjuges that assemble more slowly tend to vyield more -defined
superstructures with clear morphological featanes regular particle diametefsin cases where
conjugates aemble very slowly, either no nanoparticle assemblies or rathéormiked
assemblies are observed. A preponderance of evidence, both published and unpublished,
suggests that the peptide conjugates must éissociate withsmall gold particles prior to
assembly in order to fon a welldefined superstructuré.Thus, there exists a delicate balance
between particle growth, partiefeeptide conjugate binding, and peptide conjugate assembly that
must be realized to produce wdkfined nanoparticle superstructures. Inistrstudy, the
conjugatethat assembles most rapidly into fibe€ss-(PERw)1, andthe onethat assembgemost
slowly into fibers, Ci>-(PERw)1, form poorly defined linear superstructures with many
overlapping nanoparticle€onjugates having intermediasssemblyrates(e.g, Cis-(PERW)1,
Ci6-(PERW)1, Cie-(PERW)2, and Gs-(PERwW)2) tend to form more wellefined nanoparticle
superstructures consisting of -wear chains of nanoparticles; ach of thesecases, the

nanoparticle superstructureghibitregions of helicity ¥ide infra).
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Figure 2.15. TEM images of the nanopatrticle assemblies as a function of peptide valency and aliphatic chain length
(scale bar = 100 nm): (a)12(PER\.)1, (b) G4 (PERW)1, (€) Ge(PERW)1, (d) Cis-(PERW)1, (€) G(PERW)2, (f)
Ci4-(PERW)2, (9) G (PERW)2, (h) Gis(PERW)2 (i) Ciz(PERW)s, () Cia-(PERW)s, (K) Cie-(PERW)s, and () Ge
(PER\)3.

Several structural parameters of the nanoparticle superstructurkeigpotentially affect
their propertie88 We first considered nanoparticle size within the assembled superstructures.
Nanoparticlediametersvere measured from the TEM imagé&sgure 2.16). The dataindicate
that nawparticle diameter within the Ol nanoparticle assemblies is dependent on both the
aliphatic tail length and the valency of the peptide conjugate. Nanoparticle diameter increases
with increasing aliphatic chain length and decreases with increasing valency. These observations
led us to hypothesize that the decrease in particle size with increased valency may be due to

increased binding affity associated with multivalen&y®! An increased binding affinity could
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limit the growth of the nanoparticle$o test this hypothesis, we measured the equilibrium
binding constants for mon@nd divaleh peptide conjugates using data from a quartz crystal
microbalance (QCManalysis Figure 2.17). Forthis experiment, it was important to use mono
and divalent conjugates without aliphatic tafiorderto prevem assembly before bimny to the
substrate Kigure S251). The equilibriumbinding constant, kK, (Keq= Ka/Kd, where k is the
association constant andd Ks the dissociation constant) of the monovalent conjugas
slightly higher than that of the divalent conjugate, althotighvalues were very similaBy
comparison, these are consistent to the binding constants of multivalent dendrons with metal
oxides and repeating gehinding peptide$?®® One possible explanation for the statistically
similar Keq values is that the proximity of the two peptides in the divalent conjugate prevents
favorable peptidenteraction with tle substratelt is known that AYSSGAPPMPPF adopts a
specific conformation for optimal binding; a second peptide in close prigximay hinder this

conformatiorf® %4
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Figure 2.16. Nanoparticle diameters measured from TEM images: (g&(RER):: 5.3 £ 0.9 nm based on 100
counts; (b) G+-(PER)1: 6.6 £ 1.2 nm based on 100 counts; (¢-@ER)1: 7.6 £ 1.5 nm based on 100 counts; (d)
Cig(PER)1: 10.2 £ 2.9 nm based on 50 counts; (e}(@ERy)2: 2.9 + 0.6 nm based on 100 counts; (f)-C
(PERw)2: 4.5 £ 1.1 nm based on 100 counts; (g-(PEPRw)2: 5.9 + 1.1 nm based on 100 counts; Chg-(PER)2:

6.1 + 1.4 nm based on 100 counts; (}@PEPR.)s: 2.8 + 0.6 nm based on 50 counts; (}-(PER)s: 2.6 £ 0.5 nm

based on 100 counts; (kxéPEPR\.)s: 3.0 £ 0.6 nm based on 50 counts; (a3@EPR.)s: 2.8 + 0.7 nm based on

100 counts.
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Figure 2.17. QCM binding data for the (a) monovalent and (b) divalent peptide conjugates. (c) The association
binding constant, K dissociation binding constantgkand equilibrium binding constant.iwere calculated ém

the QCM experiments.

The variation in particle diameter within the nanoparticle superstructures, however, may
be explained by the interplay between fiber formation and nanopatrticle binddegs(ipra. For
the conjugates that assemble into fibers,ihnoparticle diameter increases as the propensity to
form fibers increases, as illustrated in going frém(PERw)1t0 Cis-(PERW)1 (Figure 2.16a-d)
and in going from &-(PERu)2 to Cis-(PERW)2 (Figure 2.16f-h). If the peptide conjugate
monomers rapidly assemble into fibers, they have less time free in solution to cap the growth of
the growing nanoparticles. This leads to larger particle diameters. Conversely, éptdep
conjugate monomers slowly assembly into fibers, they will have more time free in solution to
cap the growth of the nanoparticles, leading simaller nanoparticle diameter&Vhen
nanoparticle assembly was not observed>(BERw)2, Ci2-(PERW)3, Cis(PERW)3, Cie

(PERw)3, and Gs-(PERw)3), the particles are uniformly small (~3 nm), independent of valency
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and taillength Eigure 2.16e,i-l). In thesecases, the peptide conjugates remain in solution and
have aequate time to bind to the growing nanopatrticles to cap their growth.

We next considered structural metrics of the linear nanoparticle superstructures,
including the distance between theltwar nanoparticle chains as well as the helical pitch. The
interchain distances of the nanoparticle superstructures constructed usi(l@E@u)1, Cie
(PERwW)1, Cie-(PERW)2, and Gs(PERwW)2 were measuredvia TEM (Figure S252). These
conjugates were chosen because theylgithe most weldefined superstructures in which two
colinear chains can clearly be identified. The interchain distances fort{@ERwu)1 and Ge-
(PERw)1 superstructures wei9 + 1.2 nmand5.6 + 1.2 nm, regpectively, while those for the
Ci6-(PERW)2 and Gs-(PERw)2 superstructures wer.6 + 1.2 and 5.0t 1.4 nm respectively.
Although wecannot determingvhether the particles are bound to the edge erféloe of the
fibers Figure S253), thesimilar interchain distances suggests that the particles are bound to the
fiber faces, because the fiber thicknesses are approximately the same, whereas the fiber widths
for the monovadnt and divalent are different.

Nanoparticle superstructures formed using @EPau)1, Ci6-(PERW)1, Cie-(PERW)2, and
Cis-(PERW)2 each exhibit regions dielicity (Figure 2.18 and Figure S254). The helicity is
most clearly defined in the1€(PERw)1- and Gs-(PERW)2-based nanoparticlsuperstructures
(Figure 2.18). The averagepitch for Cie-(PERW)1 and Gs-(PERw)2, ~204 and ~173m,
respectively, aresimilar to the average pitch valseof the Ge(PERW): and Gs-(PERw)2
narofibers as determined by AFM (214 faidd 184 + 1%m, respectively. These measurements
suggest thathe peptide conjugate assembly directs the structure of the nanoparticle assembly.
Moreover, these results, when taken together with reported results oni1E£PERw double

helical gold nanoparticle superstructurgsitch ~85 nm)y? indicate that modifications to the
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peptide conjugate can lalv one to adjst the pitch of doublbelical nanoparticle

superstructures

1

~175 nm

NS Ay o age,

~162 nm

CaRat

Figure 2.18. TEM images of nanoparticle assemblies showing regions of helicity and pitch measurements from (a)

Ci6-(PER\)1 and (b) Ge-(PER\)2 (scale bar = 100 nm)

2.3 CONCLUSION

We have prepared a family of peptide conjugate molecules in which the aliphatic tail length and
peptide valency were systematically varied. The conjugates have an éacpeapensity to form
twisted D fibers as the tail length increases dhe valency decreases. In cases whergedi
1D fibers formed, we found that the pitch of the fibers was inversely proportional to valency and
proportional to tail length while the width of the fibers decreased with increasing valency. The
peptide conjugas were used to direct the assembly of nanoparticle superstructures, whose

morphology and structural parameters correspond to those of the soft assemblies. The metrics of
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the nanoparticle superstructures, including interchain distance and helical pitespoad
closely to the metrics of the conjugate soft assemblies. These results illustrate the ability to
contol and tailor the metrics of[1 helical nanoparticle @erstructures through synthesisd
assembly of peptide conjugate molecules, and theysept an important step forward in our

ability to prepare programmable nanoparticle superstructures by design.

2.4 EXPERIMENTAL SECTION

2.4.1 General methods andmstrumentations

All chemicals were purchased from either Aldrich or Fisher and used without further
purification. Ns-CsHsCO-AYSSGAPPMPPF (MBtPER., Figure S238) wassynthesized by the
University of Pittsburgh Peptide Synthesis FaciitNew England Peptide. Triethylammonium
acetate buffer (TEAA) was purchased nroAldrich (catalog number: 90358) and(2
hydroxyethyl}1-piperazineethanesulfonic acid (pH = 7.3) (HEPES) buffer was purchased from
Fisher (catalog number: BP2990). Chloroauric aciqHAuCls) was purchased from Aldrich
(catalog number: 5209)180.1 M dtrate (pH 7.4) was prepared by dissolving citric acid in
Nanopurewater and adjsting the pH to 7.4 using NaOReptide conjugates were purified using
an Agilent1200 Series revergghase higkpressure liquid leromatography (HPLC) instrument
equipped withan Agilent Zorbax 300S#1s column. Peptide conjugates were quantified based
on their absorbance at 280 nm and using the extinction coefficient for tyrosine (1280
Spectra were collected using an Agilent 8453-\4¥ spectrometer equipped with detium and

tungsten lamps. Transmission electron microscopy (TEM) samples were prepared by drop
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casting 6 pL of solution onto ar@m-diameter copper gridTEM imageswere collected with a

FEI Morgagni 268 (80 kV) equipped with an AMT side mount CCD cansrstem
Phosphotungstic acid (pH 7.4) was used to stain TEM sample grids for soft assembly studies. All
proton nuclear magnetic resonanté NMR) data were collected using a Bruker Avance Il 300
MHz spectrometer. All liquid chromatography mass spectmyn{€C-MS) data were collected
using a Shimadzu LGAS 2020.Matrix assisted laser desorption ionization tiofdlight mass
spectrometry (MALDITOF MS) data were collected using an Applied Biosystem Voyager
System 6174 MALDITOF mass spectrometer (positiveflector mode; accelerating voltage:
20kV) and usingU-cyance4-hydroxycinnamic acid (EICA) as the ionization matrixAtomic
force microscopy (AFM) samples were prepared on freshly cleaved mica (sample incub&ted fo
min. and washed twice withahopure water) and analyzed in tappmgde using an Asylum
MFP-3D atomic force ncroscopeAttenuated total reflectand¢euriertransform infrared (ATR
FTIR) spectra were collected on a Perkin EImer Spect@@nFTIR with a universal attenuated
total reflectance sampling accessory coupled to a computer using Pdmk@n Spectrum
Express softwatethe peptide conjugates were dissolved in a solutioacefonitriléNanopure
water (1:1) and dropasted onto the sample stageQ-Sense E4 quartz crystal microbalance
with dissipation (QCMD) was used to measure peptid@jogate binding on gold. Goldoated
QCM sensors (€gense) were cleaned via kBzone treatment for 10 minutes, followed by
heating in a 7.5:1:1 solution of double deionized water/30%MH4OH at 80°C for 10
minutes. The sensors were thoroughly rinsedh wibuble deionized water, and dried with. N
The clean golecoated sensors were mounted in-&€hse window flow cell module. For peptide
conjugate binding, a flow rate of 0.17 mL/min. was used at a constant temperature of 23°C, and

the 39 overtone resomae was monitoredNanopure waterNP H20,18. 2 Mq) was obt a
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from a Barnstead Diamoff water purification systemAll TEM and AFM meaurements were

made using Imagksoftware.

2.4.2 Preparation of peptide conjugates

Alkyne-terminated aliphatic substrates reeprepared aording to protocols detailed in
Appendix A The peptide conjugates were prepared using copatd)yzed azidalkyne
cycloaddition (CuAAC) in which BIPERw was reacted with particular alkyterminated
aliphatic substrates. A representatprotocol for the preparation ofi&(PER.)2 is detailed
here. The following stock solutions were prepared: 24.7 mM divalent alkyne in
tetrahydrofuran (THF); B, 198.3 mM CuS® in NP H20; C, 37.3 mM tris(3
hydroxypropyltriazolylmethyl)amine (THPTAN NP H20; andD, 101.0 mM sodium ascorbate
in NP H20. In a 2 mL glass viaNs-PERw (3 mg,2.23¢ m ¢ was dissolved in 4623L of THF
and 337.5uL of NP H20. To this vial were added 37 A, a mixture ofB andC (14.1uL B
mixed with 748 pL C), and 736 pL D. The vial was capped, wrapped in aluminum foil, and
stirred for at least 4rh. at room temperature. Dimethylformamide (100) was added to the
product solution. The resulting solution was passed through jan®.&yringe filter (Whatman,
catalog mmber 67891302). The reaction vial was washed with 4Q00f a 1:1 mixture of NP
H20 and acetonitrile (C¥CN), and this wash was passed through the samen® 2yringe filter
and mixed with the DMF/product solution. This final solution containing theygtodeptide
conjugatewas purified using revergghase HPLC eluting with a linear gradient of 0.05% formic

acid in CHCN and 0.1% formic acid iNP H20 (5/95 to 95/5 over 30 min.).
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2.4.3 Preparation of soft assemblies

In a plastic viallyophilized peptide comigates €3.75 x 16 mol) were dissolved in 250 pL of a

1:4 mixture of 0.IM citrate and 0..M HEPES buffer. 2 uL of a 0.M CaCk solution inNP H20

was added to the peptide conjugate solution. The resulting solution was vortexed briefly and then
allowedto sit undisturbed at room temperature. TEM and/or AFM samples were prepared after 1

day of incubation at room temperature.

2.4.4 Preparation of nanoparticle assemblies

In a plastic vial, lyophilized peptide conjugated.87 x 16 mol to ~7.49 x 16 mol) were
completely dissolved in 250 pL of a 1:4 mixture of Gicitrate and 0..M HEPES buffer and
allowed to sit at@om temperature for 30 miA fresh stock solution of HAu@in TEAA buffer
was prepared by mixing 100 pL of 0.1 M HAu@h NP H20 with 100 L of 1.0 M TEAA
buffer. The resulting miture was vortexed for 1 minute. After sitting 30 migt room
temperature, 2 pL of the freshly prepared HAUTEAA solution was added to the peptide
conjugate solution. A dark precipitate appeared 3econds afterhé addition of the
HAuUCI4/TEAA solution; at this time, the vial was briefly vortexed and then lefistarbed at

room temperaturélEM samples were prepared afterrd.lof incubation at room temperature.
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3.0 PEPTIDE-DIRECTED ASSEMBLY OF SINGLE -HELI CAL GOLD
NANOPARTICLE SUPERSTRUCTURES EXHIBITING INTENSE CHIROPTICAL

ACTIVITY

This work, written in collaboration with Jennifer C. Boatz, Abhishek Mandal, Gongpu Zhao,
Soumitra Mokashi Punekar, Chong Liu, Xianting Wang, Peijun Zhang, Patrick C. A. van der
Wel*, and Nathaniel L. Rosi*, is reprinted with permission frahe Journal of the American
Chemical Societ016 138 1365513663. Copyright 2016, American Chemical Socidtige
supporting informatioms found in Appendix B.

Jennifer C. Boatz and Abhishek Mandainducted and processed the MAS selate
spectroscopy experiment®r. Gongpu Zhao and Xianting Wang performed and analyzed the
cryo-electron tomographglata. Soumitra Mokashi Punekar assisted with synthesizing the single

helices.Dr. Chong Liu collectd the powder XRD data.

3.1 INTRODUCTION

As described in Chaptel, chiral nanoparticle assemblies are an emerging class of materials,
which have the potential to serve as nanoscale circular pol&fiZemad chiroptical sensof§®®
and they represent an interesting new entry into the metamaterials cataléy{fePeptides,

which can assemble into chiral architectures, are attractive molecular building blocks that can be
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used to diret the assembly of nanopatrticles into chiral superstructures. Previously our group has
constructed chiral doubleelical gold nanoparticle superstructures and characterized thgireuni
chiroptical propertie&! While significant progress has been made toward (i) understanding how
PERw associates with gold nanoparticle surfdéés °°7 and (ii) understanding how both- R
groups and intrinsic secondary structure influeneBER assembly> ¢ 52 we have yet to
establish a moleculdevel understanding that accounts for the dual roleRFREP. conjugates

play in the context of constructing nanoparticle superstructures. Significant questions remain
unanswered: How does PkPassociate to nanoparticles within an assembled nanoparticle
superstructure? How do -RERw conjugates pack and @&ssble within a nanoparticle
superstructure? How do these conjugates simultaneoushasselimbleand bind to gold
nanoparticle surfaces? Uncovering wass to these questions is paramount to advancing
peptidebased methods for assembling nanoparticle stioetures.

Here, we report the preparation of unique gold nanopatrticle single helices that exhibit
exceptionally strong plasmonic chiroptical activity. Motivated by these results, we rigorously
examine the underlying molecular basis of these superstescand ultimately arrive at a
structural model that thoroughly accounts for their assembly. Through these studies, we make
considerable progress toward answering the fundamental questions listed above, and we
ultimately arrive at a new understanding aftmethodology that will motivate future peptide
design strategies for the rational construction and optimization of chiral nanoparticle

superstructures.
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3.2 RESULTS AND DISCUSSION

3.2.1 Single helix synthesis and chiroptical properties

| reported in Chapter thatthe divalent peptide conjugat€is-(PERw)2, directs the assembly of
doublehelical gold nanoparticle superstructures when mixed with gold salts, assembly buffers,
and reducingagents(Figure 3.19a). In subsequénstudies, singhkdelical gold nanoparticle
superstructures, rather than double helices, were, at times, observed as the sole product. These
confounding results prompted us to investigate the origin of the single helix architecture. Since
the synthetic proedures used to prepare the double and single helices were virtually
indistinguishabled.g, identical gold salt, identical buffer, and identical reagent concentrations)
we carefully characterizethe Gs-(PERw)2 used in each synthesis, reasoning thatnzall
impurity or chemical change to the conjugate may have led to the observed results. High
resolution liquid chromatography mass spectrometry-(lIRS) revealed that the molecular
weight of the conjugates that directed the formation of the singleekellas 16 m/z larger than
expected (z = 2), corresponding to a 32 au increase in the molecular weight. The thioether
functional group of methionine can undergo oxidation to the sulfoxide; a 16 m/z increase would
result if both methionine residues ofsPEPau)2 wereoxidized Figure S355b). Therefore we
hypothesized that oxidation of 1£PERuW)2 to Cie-(PERM™)2 (PERM™ =
AYSSGAPPM*PPF) results in the formation of singlelical superstructures. To tegtist
hypothesis, we chemically oxidizedi&{PEP\)2; LCMS data for these oxidized conjugates
confirmed the increase in molecular weight associated with the addition okigens Figure

S356). The oxidized conjgates exclusively directed the assembly of shigliécal gold
nanopaticle superstructured=(gure 3.19b).
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Figure 3.19. Preparation of (a) doubleand (b) singléhelical nanoparticle qerstructures from & (PER\)2 and
Cis-(PERM9),, respectively, under identical reaction conditionss-(@ER ), was prepared via oxidation

using HO..

We next characterized the singdlelical gold nanoparticle assemblies. Transmission
electron nicroscopy (TEM)images Figure 3.20a-c and Figure S357) revealthat the single
helices have an average pitch of 94.4 16 (Figure 3.20d) and arecomposed of individual
rod-like nanoparticles with lengths of 16.6 + 3.0 nm and widths of 9.6 arh.g-igure S358).

At the early stages of the synthesis and assembly process, the nangpagisigherical and
bound to the @ Cis-(PERM¥)2-basedfibers (Figure 3.20c and Figure S359), but overtime
they grow into oblong rodlke nanoparticles Rigure S359). Throughoutthe nanoparticle
growth process, the nanoparticles remain bound téilibes Figure S359). These observations
are consistent with our previously reporteddsts® 8 We note that, in this methodh situ
nanoparticle growth in the presence of the peptide conjugatesjusred to achieve ordered

nanoparticle assemblies. Cryogenic electron tomography-gEfyavas employed to determine
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the D architecture of the singleelices Figure 3.20e,f). Thereconstructed tomographic vohe
confirms that the helices are Kfanded, which can be attributed to L amino acid residues
comprising the peptides. Structural paranseteere also gathered from thB 8econstruction of

the helices. The pitch is 102.0 + 2.5 nm, withiroeof the meaured data from2 TEM images,

and the rotation angle per particle is 34.3 + 4.9 degrees, corresponding to approximately 10
nanoparticles per pitdength Figure S360a,b). Theinner diameter of the helical seqstrucure

is 10.1 £ 0.enm (Figure 3.20f and Figure S360c). This distanceorresponds to the measured

width of the fibers\ide infrg).
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Figure 3.20. Single helix characterization. (a,b) TEM images of siiglical gold nanoparticle superstructures
after 15 h of reaction and (c) negatstained TEM image after 30 min. of reaction. (d) Pitch of the helices,
measured from TEM (94.4 £ 6.6 nm; bdson 80 counts). The cnBl 3D reconstruction of the single helices
reveals their (e) lefhanded helicity and, when viewed along the helix axis, their (f) core diameter where the fiber

resides. (g) CD spectrum of the singlelical superstructures.

Circular dichroism (CD) spectroscopy was used to characterize the chiroptical activity of

the single helices. The single helices exhibit a strong bisignate peak centered at approximately
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600 nm, near the collective plasmonic extinction band foatisembliegFigure 3.20g). Others

have reported a visible plasmonic CD peak for peptajfgped gold nanoparticl&&However,

gold nanoparticles capped with PP, showed oly a weak CDsignal Figure S361).
Therefore, we can reasonably conclude that the strong plasmonic CD signal for the single helices
originates from the chiral helical arrangement of gold particles; indeed, tkevetissignal is
consistent with previous theoretical predictiéh$® It is important to compare the chiroptical
adivity of the single helices to other reported chiral nanoparticle assemblies. The anisotropy
factor, g, is typically used as a benchmark value for determining the intensity of the chiroptical
signal. OptimizedassembliesHigure S362a,b), for which synthetic conditions were tuned to
increase particle dimensions, have an absatfector up to ~M4 Figure S362¢), which, to

our knowledge, is one of the highest reporedadte for comparable nanoparticle assemBfies.

102

3.2.2 Peptide conjugate assembly studies

The intensechiroptical activity of single helicesprompted us to examine thessembly and
structure of @s-(PERM9)2. Understanding the underlying molecular structure of the fibers and
how it correlates to the final nanoparticle assembly will allow for rational design of peptide
conjugate building blocks and precise control omanoparticle superstructure assembly and
properties.

We first studied the morphology of thesfPERM¥):2 fibers in the absence of gold
nanoparticles. Acylated peptide amphiphiles are known to assemble into two principal helical
morphologies: twistedlsbons and helicaibbons Figure 3.21a,b).*8 193107 Both assembdis are

defined by a crosb  a mlike structure. Twisted ribbons are characterized by their saddle
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like curvature with a C2 symmetry axis and both ribbon faces equally exposed. Helical ribbons,
on the other hand, have cylindrical curvature and onedadtee ribbon is directed toward the
interior of the helical coil and the other is directed to the exterior. In both cases, the helicity
originates from the chirality of the peptitbased molecular building blockR$ The observed
single helix achitecture suggests thatsfPERM )2 fibers assemble into helical ribbons, and

the gold nanoparticles decorate the exterior face of the helical ribbon. Evidence from previous
studies suggests that the twisted ribbon morphology favors the formatardadiblehelical

nanoparticle superstructure, where the particles associate to either both edges or both faces of the

ribbon 2> 62

Height (nm)

20 40 60 80 1
Length (nm)

8 9 10 11 12 13 14
Nanofiber Width (nm)

Figure 3.21 Cis-(PERM ), fiber morphology studies. Helical peptide amphiphile fibers typically exhibit either (a)
helical ribbon or (b) twisted ribbon morphology. (c) Negatt@ned TEM image of &(PER.M ), fibers. (d)
Fiber widths were 10.2 + 0.8 nm. (e) AFM reveals the helical ribbon morphology-¢PERM%), fibers with a

pitch of 96.2 + 4.8 nm and (f) a ribbon height of approximately 4 nm (height trace measured along the dashed line).

To precisely determine the fiber morphology, samples were analyzed using numerous
microscopy technique§.EM verifies the presence oDlfibers Figure 3.21c), in additionto

small pseudospherical aggregates, which aways present in varying amounts, depending on
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the length of time allowed for the assembly process. The fiber widths, measured via TEM, are
10.2 + 0.8 nm, which is consistent with the ci/® data that defined the inner diameter of the
nanoparticle supernsicture to be approximately 10.1 nwide suprg (Figure 3.21d). Distinct
morphological features of the fibers, such as their helicity, were indistinguishable using
traditional TEM imaging. Tappirgiode atomic fore microscopy (AFM) images clearly reveal
that the fibers adopt the helical ribbomrphology Figure 3.21e andFigure S363). Thepitch,
measured via AFM, is 96.2 + 4.8 nepnsistent with the pitch of the gold nanoparticle single
helices. The vertical thickness of the ribbon isnm (Figure 3.21f). Height tracesalong the
fiber axis suggest that the coiled helical ribbon compressés the micasubstrate Kigure
S363¢e), which is not surprising as such compression/collapse is common for soft assemblies
having a hollow interiot%®1% The morphological similarities between the helical ribbons and
the gold nanoparticle single helices imply similarities betweef(RFER.M°¥)2 assembly in both
the presence and absence of gold nanoparticles. Consigtenbur previous reports, these
observations suggest that the geometry and structure of the peptide conjugate assembly defines
the nanoparticle assembly architecture. Studying and understanding the underlying molecular
structure of the G-(PERM): helical ribbons provides insights into the nature of the
nanoparticle assembly and provides a basis for future studies aimed at modifying the single
helical structure.

We therefore next proceeded to examine the internal structure withingteERAM %),
fibers. An amide | absorption peak at 1630%cm c har act er i-sheet seconnldry par a
structuret!®!! was observed in the Fourier transform infrared (FEB9ctrum Eigure 3.22a).
In addition, a peak at 2922 cmcorresponding to & stretches was observed, signifying

relatively ordered packing of the alkyl chains within ssembly Figure 3.22a).8% CD spectra
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for Cis-(PERM )2 werecollected under conditions that promote fiber assefflyprominent
negative band centered at ~211 nm and a positive camdred at 238 nm Figure 3.22b) were
observed Negative peaks cor r e sspeetnsttuctorg ard tgpicallyhe pr
observed around 21%20 nm for peptide amphiphile assemblis? We speculate that the
blue-shifted negative peak could be due to the presence of multiple secondary structures within
the assembly. Molecular simulation studies of RE#edict that the proline residues near @e
terminus adopt a polyproline Il (PPII) conformation when free in soldfiorPPIl helices
typically display a sting negative CD band at ~205 A4 We observe a negative band at

205 nm for Ge-(PERM )2 under conditions that do not promote fiber assenitdyr( o -shbet
formation; Figure S364). Therefore we conclude that the observed signal in the CD spectrum

of Cie-(PERM™)2f i bers is a superpositi esheetarfd PBllands

secondary structure ingdrassembled fibers.
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Figure 3.22. Spectroscopy studies. (a) FTIR spectrum gf@ER,,M ), fibers. Peaks at 1630 chand 2922 cm
correspond to the amide | band aneHGstretch, respectively. (b) CD spectrum ofs(PEPM %), in 10 mM
HEPES and 1 mM Caghfter one dayand (c) corresponding negatigtained TEM imagef the Gs-(PERM ),

fibers

While CD and FTIR spectroscopy provided information about the secondary structure, X
ray diffraction (XRD) experiments wer@mrducted to probe the molecularvel packing of @s-
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(PERM9), within the fibers. XRD patterns of alignecis§PERM)2 fibers displayed the
prototypical pattern observed for crdss a m like stiucture Figure 3.23a).11%116 An intense

meridional reflection corresponding to asplacing of 4.6 angstroms is attributed to the H

bonding distanes between peptide Bdmnes Equatorial peaks witd-spacings of ~6.5, ~9, and

~18 angstroms <corr espond-sheets Figuee B323,t). Thieiof6t ances
meridian reflections corresponding to ssmhcing of ~4.2 may be attributed to the distance

betwee n  h k| pl anes diagonatsheetd’ t he planes cont ai
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Figure 3.23. X-ray data. 2D xay diffraction pattern of aligned 1&(PERM ), fibers reveals a crods
architecture. The colored arrows correlate with the (c) integratgahcings of the XRD diffractogram. (c) Figure

showing the strantb-strand and she¢t-sheet distances as revealed via XRD.
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The CD, FTIR, and XRD data revealdtht the peptiddased core of the assemblies is
stabilized -btyr sanud sft amma tail o b, -sttandtwithin ithe peptidedsa t i o n
uncertain. To address thisve applied ssNMR to sispecifically labeled G-(PERM¥)
assemblies. Tprobe the very Merminal end of the peptide, we applié@, °N-labeling to the
Al residue. To probe the Rrizh Cterminal half of the peptide, we also included in the same
peptide a*C, ®N-labeled P10Rigure 3.24a). Figure 3.24b showsa 2D magicangle spinning
(MAS) ssNMR spectrum obtained for labeleds-PERM¥)2 assemblies. The offiagonal
crosspeaks provide residespecific assignments of each labeled nasidlrhe P10 peaks (black
dashed lines) have chemical shifts indicative of a PPII Isaliscture Figure S365a).118119 The
observation of a single set of peaks shows that P10 has the same PPII structure in1&ll the C
(PERM), in the sample. In contrast, Al features multiple sets of peaks, indicating the
presence of multiple structures. The dominant A1 peaks éatlaA1b), accounting for ~90% of
the signal, have chemical shifts that indicate A1 to be patt bfesheétstructure Figure
3.24c). The Alc conformer is present at much lower intensity (~10% of the total)signall -ac ks b
sheet shifts, and presumably reflects peptide that failed to incorporate into the dikglomre
(e.g, the pseudospherical aggregates observed in TEM images). kmizitgy SSNMR data
these three conformers show no sign of dynamocgproxmity-enabled polarization exchange
(Figure S365b). Motion-sensitive sSNMR experiments (not shown) indicate that all sites are
relatively rigid and immobilized in the peptide assemblies. Therefore, two strugtdifédirent
peptide conformers, present at a 1:1 ratio, make-90% of thesample Figure 3.24d). The
s s NMR s h o wssheet btradture texteads fo the veryelminal residue Al. At the other
end, P10 i ssheetufdarmsingdnstead gam of & PPII helix that presumably involves

much of the Praich C-terminal peptide end. We note a stronglagyato our studies of fibrillar
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huntingtin exonl, which also has a peidubled amyloid core followed by a PRi¢lical Pro
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Figure 3.24. MAS ssNMR results. (a) Position of residsiecific'3C-, 1>N-labeling (arrows). (b) 2°C-*C MAS

ssNMR of labeled G-(PER M), assemblies. Dashed and colored lines connect sets of peaks from labeled P10
(black dashed line) and Al residues (solid lind$iree Al conformations are marked with red (Ala), blue (Alb),

and green (Alc) lines. (c) Secondary structure analysis of A1 ssSNMR signals, showing Ala and Alb to be part of
the b-sheet core. (d) Secondary structure distribution in the three peptide conformers observed by ssNMR, along
with their relative ssNMR peak intensities (right). (¢) Amyloid core model based on a class 3 steric zipper
architecture. The compact Ala/Ser/Glydarface and the aromatic interface present intersheet distances of ~6.5 and
~9 A, respectively. Alternating peptides have distinct structures (blue/red coloring) that explain the observed peak

doubl ing -sheetpeakse A1l b
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How do two equally populatelksheet/PPII peptide buildinglocks fFigure 3.24d) co-
assembl e-sheetbhsed corb & oubassemblies? Thea)(crossb pattern showe
and~9 Aintes heet di st asheets.sShedbesheatinterfacestin amyloid structures
have been char-acpeeirzédchaasdstieedc ™ Dhe di st i
structural data, selissemblybehavior, and chemical nature ofséCPERM%)2 point to a likely
architecture of the assemblies. The &cyl tails work to bring the peptides conjugates together
to form micellar structures early in the assembly process. Clustering ofighail€ dictates a
parallel alignment of the sei s sembl i ng pepti des and +heaiss f aci
that are cealigned and parallel in nature. This fits well with our FTIR data and ssNMR results.

Thus, these considerations restrict us to classc?aes 3 type zipper motif€® Of these, only a
class 3 zipper eshget saNMR spealts rared théio lulbihtemgity réitio as it
predicts structural differences between two types ed ®s e mbdheets. gn addition, class 3
zippers also predict the presence of two types of-stieet interfaces, which feature either the
odd-numbered or thevernumberedesiduesFigure 3.24e). Theoddresidie interface features

only small side chains (Ala/Ser/Gly), which enable the formation of a tightshtst interface

that places the sheets ~6.5afart Figure S365¢c). The evennumbered interface includes the
large aromatic Tyr. In amyloitike crystd st r uct ur e-sheets,istch Tympriags adbpt e | b
a characteristic ringtacked orientation, ashown in Figure S365d. The bulkiness of the
aromatic rings causes notably wide skeetheet interfaces thare ~910 A apart €.g., Figure

S365¢), in I'ine with t-hagpatemprhus,dhe kirdofsassemibly pravided X

an elegant rationale for the ssNMR, FTIR, as well amyXresults, and strongly gues for a
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peptide core structure that combines packed PPII helitalirini with a class 3 amyloilike

assembly.

3.2.3 Single helix assembly model

Taking into accounthe accumulated data on thesQPERM ). assemblies, we propose a
molecular packing modefor the helical ribbon Figure 3.25a). The ribbon consists of a
monolayer of Ge-(PERM )2 arranged perpendicular to the faces in a efoaschitecture. This
allows the PPII helix and negatively charged cavtates (at pH ~7) to be exposed on the outer
surface of the helical ribbon. The model adheres to the ribbon vertical thickness constraint of ~4
nm (labeledch in Figure 3.25a), asmeasured by AFMide suprd; we estimate that the peptide
length is ~3.81m (Figure S366). Since the extended length ofsGPERM )2 is estimated to
be ~75 nm Figure S366), a bilayerstructure whez the alkyl chains are interdigitated in the
core of the ribbon would not be possible. We speculate that the aliphatic chains, which are
relatively ordered\ide suprd, aggregate with one another at the inner surface of the helical
ribbon or possibly foldnward with one another ihetweern| -sheets and therefore make only a
small contribution to the measured ribbon thicki€sk either case, the helical ribbon
architecture segregates the relatively hydrophobiteriinus from the aqueous buffer while
exposing the hydrophilic ®rminus'?? This is in contrast to a twisted ribbon structure where
both sides of the tape would be equally exposed. The ribbon widtis, determined by the
number off -sheets stacked sids-side with regular ~6.5 and ~9 A distances.

Basedon this assembly model and the structural parameters of both the single helices and
Cie-(PERM )2 fibers, we conclude that the gold nanoparticles decorate the outer face of the

helical ribbon Figure 3.25b-d). Careful inspection of the nanoparticle orientation within the
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superstructuresF{gure 3.25¢) indicatesthat the rodike particles align in parallel along the
width of the ribbons, which supports a model whereigdargrowth proceeds in ordirection
(Figure 3.25d) andcould be limited by the width of the helical ribbon. The regular distances

between the particles could be due to electrostatic repulsion between p#ticles.

S~
= B-strand ;éh PPII Structure

% = B-sheet

Figure 3.25. Single helix assembly model. (a) Proposed assembly mddelsgPERM>). hel i cal -ri bbons

50 nm

sheets run along the length of the fiber (interstrand distance = 4.6 A). The width of the wiptsodetermined by

t he numb e r -shedts with lamin&tiendspabings of ~6.5 and ~9 A. PPII helices are exposed at the outer
sufae of the helical ribbon. The bl ue a n-sheetseaabpettiely,er s co
shown inFigure 3.24 The aliphatic tails have been omitted for clarity. (b) AFM (amplitude image) and (c) TEM

image aligned to highlight théractural similarity between the fiber assembly and nanoparticle assembly, alongside

(d) the proposed single helix assembly model with gold nanoparticles bound to the outer face of the helical ribbon.

The arrows show directionality similarities of the npaudicle orientation.

Since we propose that thet€@mini of Gis-(PERM )2 are exposed at the outer face of
the helical ribbon, we reason then that the particles must be bound to the residues that make up
the PPII helix. Previous reports on RizBinding onto gold surfaces conclutleat Y2 andF12

bind most strongly to the 111 facets of gold nanoparticles due to their aromatic sidethains.
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Since the ¥ moleales are integral to the paralfelsheet structure within the core of the peptide
ribbon, the exposed phenylalanine at théefninus must account for much of the binding
between the gold particles and the peptide assembly. In addition, methionine residues, which also
bind strongly, couldcontribute to the overabinding interactior?® The inner surface of the

helical ribbon is sterically hindered, which prevents particle binding

3.3 CONCLUSION

We have demonstrated thats®PERV°¥) direds the formation of weltlefined singlehelical

gold nanoparticle assemblies having strong plasmonic chiroptical activity that ranks among the
highest observed for comparable systems. In addition, we proposed a molecular assembly model
based on data acqad from several characterization techniques that is consistent with the
structural parameters of the single helices. This model provides foundational information for
understanding how peptide conjugate molecules constructed from inebiagiicg peptidesan
simultaneously seldssemble and bind to inorganic nanopatrticles, thus enabling the assembly of
nanoparticles into intricate superstructund®reover, this model serves a launching point for
rigorous rational design of new peptide conjugates foecting and precisely controlling
nanoparticle assembly structures and metrics. Collectively, the results presented herein underline
the utility of peptide constructs as building blocks for directing the assembly of nanoparticles
into highly complex and wedefined nanoscale superstructures. Finally, they point toward
future studies aimed at incorporating specific chemical modifications to the peptide side chains
(e.g, oxidation, hydroxylation, phosphorylation, and glycosylation) and understanding how and

why these modifications lead to morphological changes to a nanoparticle superstructure.
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3.4 EXPERIMENTAL SECTION

3.4.1 General materials and methods

All chemicak were purchask from either Aldrich or Fisher and used without further
purification. N-CsHsCO-AYSSGAPMMPPF (N-PERW) was synthesizé by Pierce
Biotechnology, Inc. Triethylammonium acetate buffer (TEAA) was purchased from Aldrich
(catalog number 90358) and-(Zhydroxyethyl}1-piperazineethanesulfonic acid (pH 7.3)
(HEPES) buffer was purchasdérom Fisher(catalog number BP 29800). Chloroauric acid

(HAUCls) was purchagk from Aldrich (catalog number 520918). Peptide conjugates were
purified using an Agilent 1200 series revep®mse higkpressure liquid chromatography

(HPLC) instrument equipped with an Went Zorbax 300SBCis column. Peptide conjugates

were quantified based on their absorbance at 280 nm and using the extinction coefficient for
tyrosine (1280 Mcm?). UV-vis spectra were collected using an Agilent 8453 -\i/
spectrometer equipped with werium and tungsten lamps. Matassisted laser desorption
ionization timeof-flight mass spectrometry (MALBTOF MS) data were collected using an
Applied Biosystem Voyager Systefil74 MALDI-TOF mass spectrometer (positive reflector

mode; accelerating tage:2 0 k V)  a swydine4hydraxyginnaimic acid (CHCA) as the
ionization matrix. TEM images were collected with a FEI Morgagni 268 (80 kV) with an AMT

side mount CCD camera system. Phosphotungstic acid (pH 7.4) was used to stain TEM sample
grids for the pptide assembly studies. TEM samples were prepared bycdeopt i ng 6 ¢ L
solution onto a 3 mm dimeter copper grid coated witbrinvar. After 5 min., the excess solution

was wicked away. The grid was washed with NB®DH ( 6 € L) and wicked aw
Attenuated total reflectanceoérier transform infrared (ATHRTIR) spectroscopy data were
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collected on a PerkinElmer Spectrum 100 FTIR instrument with a universal attenuated total
reflectance sampling accessory coupled to a computer using PerkinEIménu@pExpress

software. The sample was backgrowuirected in air. @-(PERWM ). was dissolvedand

sonicated in 0.1 M HEPES (@5M) . After 1 day, the assembl ed |
in nanopure water using-tdbe dialyzers (Millipore, catalog number 71586to remove the

buffer, and the fibers were concentrated. The concentrated solution containing the fibers were
thendrop-cast onto the ATHTIR substrate and allowed to -giry. Nanopure water (NP 4D,

18.1 Mq) was obt ai ne dMWwateoporificatioBsystemst ead Di amon

3.4.2 Preparation of Na3-PEPayM*

Ns-PERw( 3 mg, 2.23 emol ) was diCNNPdHOvTe this solatiorma 1 : 1
was added concentrated®: to bring the final HO2 concentration to 100 mM. The solution was
vortexed and left undisturbed forl® h. This final solution was purified using revepdese

HPLC eluting with a linear gradient of0&% formic acid in CBCN and 0.1% formic acid in NP

H20 (5/95 to 95/5 over 30 min.).

3.4.3 Preparation of Cig-(PEPauM%)2

Alkyne-terminated aliphatic substrates and peptide conjugates were prepared according to

protocols detailed in a previous rep®it.
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3.4.4 Preparation of single helices

In a plastic vial, @G-(PERM )2 (~18.7 nmol) was dissele d i n 250 eL of 0.1 N
and sonicated for 5 min. After sonication, the solution was allowed to sit at room temperature for

25 min. A fresh stock solution of HAudl n TEAA buffer was prepared

M HAuCl2in NP RO with100e L of 1 M TEAA buffer. The resul

1 min. To the G-(PERM™):2s 0l uti on was added 2 ¢ lJTBAA t he f
solution. A 0da-4Kafter theoaddition ofthpe HAWLIEAAISOlRioN; at this

point,the vial was briefly vortexed and then left undisturbed at room temperature.

3.4.5 Preparation of Cig-(PEPaM ) fibers

75 &M s ol w(PERNMY: filmeds weBe prepared in 0.1 M HEPES buffer. For CD
spectroscopy studies, 10 mM HEPES buffer was useter A day of sitting at room
temperature, the solutions weernalyzed. For some CD and TEM experiments, €a@k added

(1 mM final concentration) to accelerate fiber formation.

3.4.6 Cryogenic electron tomography and 3D reconstruction

For the singléhelical goi nanoparticle superstructure, 4 ¢
carbon side of glow discharged perforated R2/2 Quantifoil grids (Quantifoil Micro Tools, Jena,
Germany) before plungieeezing using a manual gravity plunger. A series of images were
recorced by tilting the specimen fror60 to 70° in increments of 3° (<45°) and @45°).

Images were recorded on a FEI Falcon Il direct electron detector camera at a nominal
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magnification of 39 000x. Altogether, 51 images were collected in one tilt seriea toital dose

of ~ 50 &A? Images were recorded at a defocus value ofeG’5 usi ng FEI bat ch
software. The IMOD packa$@& was used to align tilted projection imesyand reconstruct the

final 3D density map from the aligned image stack. For surface rendering, the tomogram was

filtered to 20 A resolution and displayed using the program UCSF CHIMERA

3.4.7 Atomic force microscopy

AFM images were collected with an Asylum MiBP atomic force microscope using tapping

mock. Images were obtained using ultrasharp AFM tips (NanoandMore,1SBIRwith a 1 Hz

scanning rate. The APTESica was prepared by dragasting a 0.1% APTES solution in NP

H20 onto freshly cleaved mica, and after 10 min., the mica was rinsed with280P Q-
(PERM™).,was dissolved in 0.1 M HEPES (75 &gM) an
overnight. Af ter 1 day of I n c-cast @ritol tlrenAPTE 0 € L
functionalized mica. After 1 min., the sample was rinsed with N® Bihd #dowed to airdry

overnight.

3.4.8 Circular dichroism spectroscopy

CD measurements were conducted on an Olis DSM 17 CD spectrometer. The scan rate was 8
nm/min., and the bandwidth was 2 nm. All CD experiments were carried out in 10 mM HEPES
(peptide assembly; B3280 nm) or 0.1 M HEPES (nanopatrticle assembly =830 nm) with a 1

mm path length quartz cuvette at 25°C.
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3.4.9 Powder X-ray diffraction

Powder Xray diffraction was performed on a Bruker X8 Prospector Ultra diffractometer
equipped with an APEXIICCD detect and an 1 &S microfocus Cu
The diffractograms were recorded at a distance of 15 cm at room temperature. Raw data were
retrieved using the PILOT pldg in the Bruker APEX Il software package and further
processed in Match! sofawe to obtaind and intensity values. The sample was prepared by
dissolving ~1.5 mg of G-(PERM)2in 1 mL of 0.1 M HEPES and sonicating for 5 min. The
sample was left to sit overnight. After 24 h, the solution was ultracentrifuged=(213 00@)

for 1 h. The supernatant was removed and N®© L mL) was added, and the sample was
ultracentrifuged again at the same speed. After centrifugation, the supernatant was removed,
leaving behind a clear gel. The peptide gel was loaded into a glass cafillarg( 0. 7 mm)

air-dried.

3.4.10 MAS solid-state NMR spectroscopy

Labeled N-PEPw was purchased from Pierce Custom Peptides, and labetg@ERM %),

was synthesized according to the protocols detailed above. LabgEEERAM ). fibers (2

mg) were paked into thinwall 3.2 mm zirconia MAS rotors (Bruker Biospin, Billerica, MA) by
ultracentrifugation at ~175 0§0n a homebuilt sample packing tool spun in a Beckman Coulter
Optima L-100 XP ultracentrifuge equipped with a S3® Ti rotor. MAS ssNMR spearwere
obtained with a widebore Bruker Avance | NMR spectrometer operating ‘&t bamor
frequency of 600 MHz (14.1 T) using a 3.2 mm HCN MAS ssNMR probe equipped with a

AEFreeo reduced electric field coil edaB27uk er
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K using a constant flow (800 L/h) of cooled gas. Bruker Topspin software was used to acquire
the spectra. Spectra were processed using NMRPipe software argkzednawith
CCPNMR/Analysist?>126 The 13C signals of adamantine were used to externally reference
chemical shifts to 4 4imethyk4-silapentae-1-1 sulfonic acid (DSSY’ 1D and 2D ssNMR
spectra were acquired at 10 kHz MAS, using ramped3C cross polarizatin (CP) with a 2.0

ms CP contact time, a 3 s recycle delay, and 83 kHzpwige phasenodulated (TPPM)
decouplingt?® A total of 1024 scans were obtained for the 1D Cp Experiment. Thershdng
13C-13C 2D spectrum was obtaidevith 20 ms of dipolar assistedtational resonance (DARR)
13C-13C mixing. The 2D spectrum in Appendi (Figure S365b) feature500 ms of*C-13C
protondriven spin diffusion (PDSD), which is expected to allow longerge signatransfer
over up to 67 A.*?° Additional experimental details asemmarized irTable S32 of Appendix

B.
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40 POST-SYNTHETIC SURFACE MODIFICATION OF HOLLOW SPHERICAL
GOLD NANOPARTICL E SUPERSTRUCTURES WITH TUNABLE ASSEMBLY

METRICS

This work is amanuscript in preparationThe supporting infenation for this chapter is found in

Appendix C.

4.1 INTRODUCTION

As mentioned in Chapter 1,atallic nanoparticlesnd their assemblidsave attracted sigfircant
attention due to theimyriad properties andpplications.An importantcomponentof metallic
naroparticlesis the ligand that is adsorbed to the nanoparticle surfdoey servea variety of
important roles: ithey passivate the nanoparticle surfaceygméng aggregation; ii) thegan
impart functionality to the nanoparticle; iii) they serve asititerface between the nanoparticle
and its environment; and iv) they can significantly affect the physical properties of the
nanoparticle coreTo date, hundreds of ligands halveen successfully employed ittroduce

new properties andunctions to nangarticles, giving rise t@ plethora ofapplications*° For
exanple, gold nanoparticles that hawe shell ofoligonucleotideligands anchored ontdheir
surface exhibit unique cellular uptakeproperties which make themattractive therapeutic

candidated®! Motivated by tha@mportantrole that ligand chemistrglaysin nanoparticlebased
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systems we aimed toexplore methods to modify the surfaces pfe-fabricated nanoparticle
superstructuresTo our knowledgepostsynthetic modificatiorof nanoparticleassemblieshas
been relativelyunexplored Most nanoparticle selissembly methodssenanoparticles anchored
with thiolated ligands€.g, thiolated oligonucleotides, thiolateimphiphilicblock copolymers)
to direct their assembhy, 2122 132137 \which make them poor candidatesr fpostsynthetic
modification {ia ligand exchange) due to theatively stronggold-thiol bond

In contrast to othenanoparticle assemblgnethods, the Rosi group haeveloped a
peptidebased routdor assembling gold nanoparticle superstructétés this method, a goid
binding peptideconjugate R-PERu (where R = hydrophobic organic group, and REP
AYSSGAPPMPPP), both caps and direcs the assmbly of gold naoparticles’® The peptide
assemblyservesas the underlyingcaffold that supports theanoparticle superstructute 5263
We propose that the amino acid residues near #texrdinusof PERu are responsible for much
of the binding between the particle atite peptide assembR?, which is in agreement with
computatioml studies’® We postulatethatthe peptideshatincorporate intdhe peptideassembly
scaffold bind to part of the gold nanopartice anchoring them to the structfewnhile a
combination of free unincorporatedpeptide conjugate moleculeand buffer constituent
molecules(e.g, HEPES which is a weak binding agéff) in solutionhelp stabilize thesolvent
exposechan@articlesurface We reason then that the portion of the nanopartiol@ising up the
superstructurehat are exposed to solution could be replaced by more strongly binding surface
capping ligands via ligand exchange and thath ligand exchange methodsynjarovide a
means of tailoring the properties of the superstructAse.a proofof-concept, we chose to
conduct these postynthetic modificationstudies on hollow spherical gal nanoparticle

(HSAUNP) superstructures thatere previously assembledand stuéed by our groug?® 64 139
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Thesesuperstructures @ve chos@& because i) they have a propensayaggregatewhich limits

their potential utility in varios applicationsii) they are spherical ange envision that they can
ultimately be used asa supernanopart ¢ Whach could constitute aomplexbuilding blockfor
extended periodic latticeand iii) they have properties that make them attractive as therapeutics
agent§ 113 134 140141 gnd metamaterialé?4* Herein, wedescribepostsyntheticmethods to
functionalize the surfaces 6fSAUNP superstructures. We show that the superstructcaesbe
stabilized and their surface properties manipulaiéese results offer a glimpse of the quutal

of using these methods to adify the surface properties of a variety of different nanoparticle

superstructures

4.2 RESULTS AND DISCUSSION

4.2.1 Monitoring the assembly formation of HSAUNP superstructures

As opposed to other rtteods whergoarticles are préabricated prior to assemblyuoasembly
methodology is unique in thathe gold nanoparticles are synthesizadd directed into the
nanoparticle superstructure in one concerted.std@is process is hidy dynamicin that the
structuralfeaturesof the superstructurevolvethroughoutthe assembly processherefore we

first beganby studying the formationof HSAuUNP superstructure®ver time with varying
amounts of gold precursor solutiadded to the assdry solution We hypothesized that
varying the amount of gold precursor solution to the assembly medium would be a
straightforward approach to adjust the density of nanopsstimbund to the peptide surface and

thereforewould serve as means te@ontroltheir optical propertiedNe usel a modified version
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of a protocol developed in our lgdbee experimeat section for detailsj® ¢ Briefly, 0.7, 0.9,
and 1. & mixtdre ofrtiloroauric acidHAuCIs) andtriethylammonium acetateTEAA)
(0.1 M HAuCkL in 1 M TEAA), which serves as the gold precursor solutwas addedo
solutions of Ce-AA-PERw in 0.1 M 4-(2-hydroxyethyl}1-piperazineethassulfonic acid
(HEPES)buffer (15 0 ¢ IM jhis mehod, HEPES functions as the primary reducing afpmmt
the HAUCI2/TEAA mixture, promotingthe in situ synthesis ofyold nanoparticlesand G-AA-
PERu functions as the directing agdit nanoparticle agsnbly. Theresultingassembliesvere
monitored via transmission electron microscop¥NM) at multiple different timepoints (0

min., 30 min., 1 ht 3 hrs, and 1 day.

From TEM, HSAuUNP superstructures were observatter 10 min. for all samples
(Figure S467). The superstructurewvere weltdispersed witHew small particlesbound to the
peptide assemblysurface Samples prepared after 30 mmevealed structures with greater
number ofparticlesadhered to thepherical peptideassembly(Figure 4.26a,e,). After 1 hr,
more particles attach to tipeptide assembligut to a varying extent depending on the amount of
HAUCI4/TEAA introduced(Figure 4.26b,f,j). HSAuNP superstructurewith the highest density
of nanoparticlesvere observedor samples injectedwi t h 1 . gbld prdcursorfsolution
(Figure 4.26)), whereasdecreasingnanoparticlecoveragewas observed for thesolutions
injected withO . 9 a rL of thé goltl precursaolution,respectively(Figure 4.26f,b). These
results confirmour hypothesishat thenanoparticledensityof the HSAuUNP superstructuresan
indeed bdunedsimply byadjustingthe amount ofjold precursor solutioadded to thassembly
mixture. Well-dispersed HSAUNP superstructures were observed aftars. of assembly

(Figure 4.26c,9,k). At this point however, we noticed fewsmall clustersof assemblies
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suggesting thensetof aggregatiorbetween the anoparticlesuperstructure@-igure 4.26¢,9,k).

Extensiveaggregation was observed aftert2d.(Figure 4.26d,h,I).

Figure 4.26. TEM imagesof HSAuNP superstructureassembleavith 0.7 uL HAUCKTEAA after (a) 30 min., (b)
1 hr., (c) 3 hs., and (d) 24 hrsTEM images oHSAuUNP superstructureassembledvith 0.9 uL HAUCKWTEAA
after (e) 30 min., (f)1 hr., (g) 3 hrs., and (h) 24 hr$EM imagesof HSAuUNP nanoparticlesuperstructures

assembledvith 1.1 uL HAUCKTEAA after (i) 30 min., (j)1 hr., (k) 3 hrs., and (l) 24 hr&cale bas= 100 nm)

The propensy for aggregatiorat later timepointscould bedue to the absence of capping
ligands which are necessary for passivating gad nanoparticle surfacdt initial time points
unincorporated €AA-PERw monomersin solution may serve to temporarily caphe
nanoparticle superstructurespwever, as the assembly progressesA&-PERu mononers
incorporatento thesphericalpeptide assembligghus depleting thpopulation ofCe-AA-PERW
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monomes in the assembly mediumThis depletion may initiate the aggregationof the
nanoparticle superstructurés fact,the averagélSAuUNP superstructurdiametey measuredia
TEM, increass during the assemblgrocesgFigure 4.27a). This could be due to a®stwald
ripeninglike effect where largermore stableHSAUNP supestructures continue to grow at the
expaense of smallerones Interestingly, collected data on thediameters of HSAuUNP
superstructures formed with7, 0.9, orl . 1 rewedled a distinctive trendmaller diameterare
observed when largamounts oHAUCI4/TEAA is introducedto the assembly sdion (Figure
4.27b). We attribute this trend tché amount ofcationic gold ionspresent in the assembly
solution. These ions caimitiate peptide nucleation events that lead to peptide asséfbly
Therefore,we reason thalarger concentrations of gold ionlead to more nueation events,
which results insmallerHSAUNP superstructures average* These results show thahe can
tune thesuperstructuresize by adjustingthe amount of gold precursaolution added to the

assembly mixture.
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Figure 4.27. (a) Distribution of phere diametersf HSAuUNP superstructureafter 10 min., 1 hr. and 3 hrfor
samples assemblagith 1.1 ¢ L HAUCI/TEAA. (b) Distribution of ghere diameter¢collected after 1 hr. of

assembly timgas a function of the amount of HAUWIEAA added to the EAA-PER,, solutionin HEPES

4.2.2 Ligand-cappednanoparticle superstructures

Based on the assembly formation studies, we hypothesizedttaatuction of capping ligarsd
immediatelybeforethe onset ofiggregatiorcould stabilizethe HSAUNP superstructurg thus
preventing their aggregatiosince prior work has shown tha&®ER. can effectively cap the
surface of gold nanoparticlés we introducedan excess amount of PEP(4.7 nmol) to
HSAUNP superstructuresormed after 1 hr. of assembly withO . 7 eL a naf
HAUCI4/TEAA added After 24 hrs, well-dispersedHSAuUNP superstructuresvere observed
indicating tha PERw successfully passivatetthe nanoparticlesuperstructuresurface (Figure
4.28a,b). UV-Vis spectra of thessuperstructuresevealed a LSPR band at ~540 fon both
assemblies, which isonsistat with particles that are in close proximityith one another
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(Figure 4.28c,d). We also note that the naparticle coverage density between the

superstructure6 or med wi t h 0. 74TEAA dmainedlconsidtenwithfour @rior
results in that the former haldwer coverage of nanoparticles comparedthe latter. As
expectedthe diametersof the individual gold nanparticles increasedndicating that exess

gold ions in solutiortontinue tareduceonto the nanoparticles
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Figure 428 TEM i mages of HSAUNP superstructures fJ/DEAMed

after 1 day of incubation with P&ER ard (c,d) their orresponding UWis absorption spectra, respectively. TEM
of HSAuUNP f or REAA aftar o day ¢fe )

i mages superstructures

incubation with proteinase K, dr{g,h) their corresponding UVis absorption spectra, respective

While PERu served to maintairthe dispersion of theHSAuUNP supestructures,upon
centrifugation, the superstructures aggregéted shown). This is not surprising considering the
relatively weak peptid@anoparticlebinding interaction Furthermoe, incubation of PER-

capped spheres the presence of proteinase &nonspecific peptidasded to aggregation, but
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in agreement with a prior studne HSAuNPsuperstructure themselvemmainedntact (Figure
4.28e,1).1%% UV-Vis spectra showed a sizeable -shift confirming the aggreged product
(Figure 4.28g,h). We cacludethat thePERw cappinglayer usedto prevent aggregatiowas
digested by the peptidaséut the G-AA-PERw molecules that make up the peptgiad
nanoparticlesupestructure remain intact suggesting that the peptides within the structure are
highly compact andesistant to proteinask digestion These studies suggest that one can
exploit the different bi nding pireo@AA-PERe S bet
moleculest h a't make up the pepti deopeptds motebulesi.é,scaf f o
PERw moleculeghat passivate the solveexpased nanoparticle surface), lagothesizd.

Motivated by the promising resultd PERw-capped nanoparticles supeustures and
the stabilityexhibited by G-AA-PERw moleculesthat make up the spherigaéptide assembly
scaffold, we began to explorthe possibility of functionalizing the surfaces of HSAuNP
superstructures. Whrst employedthiolated ligandsTwo comnon thiokated ligands usd for
functionalizing gold nanoparticde mercaptohexanoic aci@ViHA) and poly(ethylene glycol)
methyl ether thiolPEGSH; Mn = 1000 Da)were chosenSince thiols form atrongbond with
gold, we predictedthat the presence of thiated capping ligands magffect the structural
integrity of the HSAuNPsuperstructures; therefore, we investigated how varying amounts of
added ligandhffects the nanoparticleuperstructuréntegrity. After 30 min. of assembly, stock
solutions of MHA ad PEG-SH were added directly to solutions ldEAUNP superstructures
(formedusingl . 1 HAUCI/TEAA)t o gi ve final t hi ol concentr a
TEM samples were prepared after 24 bfsncubation(Figure 4.29).

Well-dispersedHSAuNP superstructures were obsenauy under cedin conditions At

very | ow MHA c¢ on agredateduparstouctsresver@the addjinant product
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(Figure 4.29a). However,a t intermedi ate MHA c euparstutturesat i on
remaired dispersd (Figure 4.2%). At hi gher MHA <concentration (2
dispersed superstructureswere observed indating that a majority of the HSAuUNP
superstructureslegraded(Figure 4.29c). Basedon this data set, we conclude thhere is a

minimum thresholdthiol concentration that is needed to disperse the spherethebeis also a

maximum amounbf added hiol that the spheres can tolerate, beyond which they decanstruc

For HSAUNP superstructures incubated with P&, we observed dispersedperstructurefor
spheres i ncubat ed 4iSH soldtionsa Rigure 2.29d,e)¢ bt déyEaded
superstructure and free nanoparticles were observe@dre MPEGSH (Figure 4.29f). The
discrepancy between MHA and PESH at low concentratioft 2  gsvhpst likelydue to the
stericdifference between the two molecul®&GSH, which ismuch more sterically bulky than

MHA, would haveless ligand densitthan MHA on the nanoparticle suck and therefore can

stabilize the nanoparticle superstructure at lower thiol concentraffoinsadditionto dispersed

HSAUNP superstructurethere appeared to be a greater concentratidreefnanoparticlewith

increasing mount ofaddedthiol. This maybe attributed toi) the reduction offree gold ions in

solutionby thethiol ligands or ii) possibly the deconstruction of soH®AUNP superstructures

Based orthese studies we conclude that thiolated ligands can indeeseteaeffectively cap

the surface of préabricated nanoparticle superstructyurassembled usingur peptidebased

method provided thatcertain controlled amounts of thaded ligands areadded Beyond a

certain thresholdamount the thiolated ligandscan displacAlisruptthe peptide assembbyold

nanoparticled b o n d s 6 promaotetie assbhmblgeconstructiorfFigure 4.29¢,f).
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Figure 4.29. TEM images oHSAuNPsuperstructures aftdrday of incubation in (a) 2 M, (b) 20 &M, and
eM MHA. TEMHBAuEPRs@&iper structures after 1 day of incubat.i

e M P-SH3MW = 1000)(scale bas= 200 nn)

4.3 CONCLUSION AND FUTURE WORK

In corclusion, we demonstrate th#te surface oHSAUNP superstructuregan be modified

through addition of capping ligands during the nanopatrticle assembly process. We show that for
thiolated ligands, there isan optimum concentrationneeded todisperse the assembliesd

prevent degradation of the srptructures. These studies show that the peptide assgoidly
nanoparticle O6bondsdé are robust and -ekposgdand e X
portion of the nanoparticte These results highlight a powerful and versagitestsynthetic
appoachfor tuning thesurface chemistrgndpropertiesof nanoparticle superstructuré§e also

show that the assembly metricgsich as nanoparticle coverage density and cimebe tunedby
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simply adjusting the amount @fold precursomixture introducedinto the assembly solution.
Future workwill be directed towardextendingthesemethod by expanding the repertoire of
ligands attached to the nanoparticle superstructue thiolated oligonucleotidgsas well as

translating this possynthetic modification method to other peptideased nanoparticle

superstructures that have been developed by our gsaab as optically active single helices

44 EXPERIMENTAL SECTION

4.4.1 General materials and methods

N3-C4HsCO-AYSSGAPPMPPF (BIPERw) was synthesizé and purifed by Pierce
Biotechnology, INcAYSSGAPPMPPF was synthesized and purified by New England Peptide
Inc. Triethylammonium acetate buffer (TEAA) was purchased from Aldrich (catalog number
90358) and 42-hydroxyethyl}1-piperazineethanesulfonic acid (pH 7(B)EPES) buffer was
purchasd from Fisher (catalog numbd8P 299100). Chloroauric acid (HAu@ was purchase

from Aldrich (catalog number520918). Poly(ethylene glycol) methyl ether thiol (PESH,
average M = 1000 Da) was obtained from Laysan Bio,.l6aVercaptohexanoic acid (MHA)
was obtainedrom Aldrich (catalog numbe674974) Peptide conjugates were purified using an
Agilent 1200 series reverg@hase higtpressure liquid chromatography (HPLC) instrument
equipped with an Agilent Zorbax 3008Hs column. Peptide conjugates were quantified based
on their absorbance at 280 nm and using the extinction coefficient for tyrosine (1280
UV-Vis spectra were collected using an Agilent 8453-\8/ spectrometer equipped with

deuterium and tungstennigs. TEM images were collected with a FEI Morgagni 268 (80 kV)
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with an AMT side mount CCD camera system. TEM samplee prepared by dregasting 5
eL of sol ut i cameteocaopper gria codtedmith fadmvar. Afteméh., the excess
solution was wicked away. The grid wstainedwith phosphotungstic acid solution (pH =7.4, 5
e L) and wi cked Nanomne waer (NE 10, 18.2Mnui)was obtained from a

Barnstead Diamond water purification system

4.4.2 Assembly ofHSAUNP superstructures

We use a protocol that is similar to the protocols used previously within the Gréum a
plastic vial,lyophilized G-AA-PERw (~18.7nmol) was dissolved in 126L of 0. 1 M
buffer and sonicated for 5 min. After sonication, the solution was allowesittat room
temperature for 3énin. During the 30 min. incubation time, a fresh goldqursor solution was
prepared: amixture of 0.1 M chloroauric acid (HAU4G in 1 M triethylammonium acetate

(TEAA; pH = 7.0) buffer was vortexed for 1 min. andincubated ér 10 min. at room

temperatureThereaftey the supernatant of the mixture was centrifuged for 10 min. at 5k rpm.

After the 30 min0.7-1.1¢ L o f t IpreparédrHASCHTEAA solutionwas added to the
peptide soluton A A dar k c |-dosafteiothe aduipoa af the AW EAA solution;

at this point, the vial was briefly vortexed and then left undisturbed

4.4.3 PEPay-cappedHSAUNP superstructures

HE |

125¢ L s o | uHSAublP superstfucturdsf or med using 0. 74TEAA) and

were synthesized according to the protocol detailed above. After of assembly time, the
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solution was transferred to a vial containimgpphilized PERw (4.7 nmol). Thke solutionwas

mixed briefly and left undisturbed at room temperature.

4.4.4 Proteinase K stability studies

The experimeral protocol for the proteinase $tability studies was conducted previously in our
group*° Briefly, 5¢e L of 20 mg/ mias guded to esynthesizezl PER-capped
spherical gold nanoparticle superstructures. The mixtures were incubated at 37°C for up to 24

hrs.

4.4.5 Thiol-cappedHSAUNP superstructures

To 125 ¢ L assydthesizeddSAWBNP soderstuctures(after 2 min. of assembly time;
formedusingl . 1 € L4/THAMAN Cwas ad dDd dMMHALPEGSH , 1 eL of
MHA/PEG-SH,or1 0 e L of PEGSHM stadiHsalitions o make a 2, 20,
solution concentration of MHA/PEGH, respectivly. The solutions were vortexed briefly and

allowed to sit at room temperature for 24 hrs.
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5.0 PEPTIDE-OLIGONUCLEOT IDE CHIMERAS (POCS): PROGRAMMABLE
BIOMOLECULAR CONSTRU CTS FOR THE ASSEMBLY OF MORPHOLOGICALLY -

TUNABLE SOFT MATERIA LS

This work, written in cothboration with iran V. Thaner, Soumitra MokasRunekar, SonBinh
T. Nguyen*, and Nathaniel L. Rosi*, isnder revision The supporting information for thi
chapter is found in Appendix.D

Dr. Ryan V. Thaner prepared the azfdmctionalized oligonucleotidstating material.
Soumitra MokashiPunekar assisted with the synthesis and purification of POCs and the

assembly experiments.

5.1 INTRODUCTION

Fewclasses of material building blocks exhibit the programmability offered by nucleic acids and
peptides, and frona materialassembly standpoint, each offers a distinct seproperties
Nucleic acids featureunrivalled sitespecificity based onsequencepecific baseairing
interactions which alows for the construction of highly intricate nanoscale architectures
including DNA origamt**148 and spherical nucleic acid assembfi%. Peptideshave highly
modular assembland substrataecognition capabilities,dranwing from their rich diversity of

amino acidsequence For example, a Xther peptide built from natural amino acids can have
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20'%possible sequencds.standsto reason then that molecular building blocks composed of both
nucleic acids and peptides could assemble into materials that exhibit heretadbserved
features and properties

Peptideoligonucleotide chimeras (POCs), comprising interlinked peptides an
oligonucleotides, represent a new, versatile class of building blocks having assembly
characteristics and propertiegriving from both biomolecular components. While biological
applications ofPOCshave been explored?!>® few studies have examinedheir potential as
programmableuilding blocks for theconstruction of softnaterialst>**%> Herein, we present a
modular synthesis of PO@s which thepeptide and oligonucleotidae attached to an organic
core molecule, resulting in a highly tunable assembly platform where both peptide and
ol igonucl eordbi ¢a@an i dlea riancd eepkan ntad & hldck gopolynsrThee d
resulting POCs can assemble into either vesicles or 1D fibers, depending on the length of the
oligonucleotide building block and the salt concentration. These results highlight the promise of
POCs as a versatile class of soft material building blocks and point toward their use for the

construction of responsive and dynamic functional materials.

5.2 RESULTS AND DISCUSSION

For thisinitial report, we focus our attention on a POC design that linkeglespeptide to a
single oligonucleotide through a iphenyl organic core figure 5.30). The
AAAYSSGAPPMPPF peptide sequence, was chosen based on its abiligsémide into

various structuresvhen conjugated to amrganic molecule at its #&rminus®® A, 4-, 4 6

bi sethynyl biphenyl organic core was useed soO
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employed to covalently attaczidomodified peptidesind oligonucleotides Figure 5.30).8%8%

156 Conjugation was Ghieved in a stepwise fashiort) the oligonucleotide, an azidoodified

18 or 6-basesequencéFigure S568), wasfirst attached to the biphenyl core using established
solid-phase synthesis meth&t;and 2) the peptidegn Nterminal azidemodified peptide (Iv-
C4HsCO-AAAYSSGAPPMPPH (Figure S569), wasnext attached in the solution phaseild
thePOCs Figure 5.30). EachPOiC (n = 18, 6) wasurified via revesephase higiperformance
liquid chromatography (HPLCand theircompositios wereconfirmedby matrix-assisted laser

desorption/ionization timef-flight massspectrometry (MALDITOF MS; Figure S570).

Oligonucleotide Peptide
ANNNNN, N,—00®0gg0etg0ee®

O,3-N;=AAC AAT TAT ACT CAG CAA-T-N,

N,- AAAYSSGAPPMPPF
04-N;=AGC CGC-T-N,

Organic Linker
., _ o= (ii)

8

PO.C
ANNNNNO0)-000eetetesoce

Figure 5.30. Modular synthesis of POCs: i) covalent attachment of an amathfied oligonucleotide sequeato a

biphenyl organic linkefollowed by ii) covalent attachment of an azidmdified peptide.

We first determiné optimal condions for PQsC assemblyln the absence of charge
shielding cations, POCs resisted assembling
negatively charged phosphate backbone. Countercation screening revealedtpabiGates

assembly of P@Cs intowell-defined structures, which prompted a systematic study @@O
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assembly as a function of [Caf{C|500 uM solutions of desalted angdphilized PQsC (500
MM) were prepareth aqueous Ca@kolutions(10, 50, 150, and 300 mMJ hese solutions were
heded to 80C to denature any nespecific PQsC aggregation states and then cooled to room
temperature to arrive at preferred assembled structlimsmission electron microscopy
(TEM) was used to image resulting assemblizsfinedcircular structures we observed in 50
mM CaCl2 fFigure 5.31b and Figure S5.71), whereadibers were exclusively observéad 300

mM CaCl2 Figure 5.31d and Figure S573). In 150 mM CaCl2, a mixture of productgas
observed including circulfpseudo circularstructuresand fibers (Figure 5.31c and Figure
S572). Few amorphous assemblies were observed at 10 mM,Gaditating the existence of a

threshold in salt concentran for assembly toccur Figure 5.31a).

800 nm 1pm , . 600'nm o .

Figure 5.31. POisC assemblies at varying CaCbncentrations. TEM images of RO assemblies formed in (a) 10
mM, (b) 50 mM, (c) 150 mM, and (d) 300 mM CaCTEM samples were prepared after2® hrs. of assembly

time.

Scanning electron microscopyEB!) and appingmode atomic force microscopy (AFM)
were employed to further investigate the morphology of the circular structures formed in 50 mM
CaCbk. SEM images suggest a spheriagalrphology (Figure 5.32a) and AFM indicates
vesicular structure, as the height profile traaes typical 6 collapsed hollowspheres Kigure

5.32b-d and Figure S574).1%% 158 |n addition, phase imagegveal different surface profiles
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between the griphery and thénterior (Figure 5.32e and Figure S575), whichis likely due to
the different deformation responsé the spherei ¢ e naneir ed g'® ¥80The thickness,
measured vi&AFM, of the fully collapsed spheres that were previowestposed to igh-vacuum

TEM environment, is approximately 30n (Figure S576), which isequal to twice the length of

an extended P@C (~15nm; Figure S577). We therefore conclude that the sphere membrane

consists of a single, flexiblrO1sC monolayer.

100 150 200 250 300 350
Length (nm)

=h

100 nm ‘

Absorbance (a.u.)

d
350 400 450 500 550 600 650 700 750 800

Wavelength (nm) 200 nm

Figure 5.32. POisC assembly ltaracterization. (a) SEM images of RO vesicles assembled in 50 mM Ca(b)

AFM image of P@sC vesicles deposited on mica. (c) AFM image of a vesicle and (d) corresponding height profile
along the dashed line shio in c. (e) Phase image tbfe vesicle shown in c. (f) UVis spectrum of free 15 nm gold
nanoparticle functionalized with complementary €equence (black line) and gold nanopartd#eorated vesicles

after addition of the complementary functionalizgald nanoparticles to a solution containing:fDvesicles (red

line). (g) TEM images of the gold nanopartidlecorated vesicles after addition of 15 nm gold nanoparticles
functionalized with complementary:9to a solution of PQC vesicles. (h) Proposesssembly model of PEC

vesicles. The vesicles are composed of g@@onolayer, with the oligonucleotides exposed on the outer surface.

78



Because both theeptide and oligonucleotide alg/drophilic compared to the biphenyl
organic core, eithemay be exposed at the outer surfaoé the POisC spheresTo determinef
the Qs block is exposed, we mixed tlspheresvith 15 nm gold nanoparticles decorated with
oligonucleotidescomplementaryo Ois. Under conditions that promote hybridizatidocalized
surface plasmon resonance (LSPR) band of the particles red shifts, signifying particle
aggregation andssembly Eigure 5.32f), andTEM images show the gold nanoparticles adhered
to the spheresurface Figure 5.32g9 and Figure S578). Collectively, the results lead us to
propose that the spheres consist of a siRgesC monolayer with the peptide directed inward
and the highlycharged tigonucleotide proje&d outward tothe aqueous #asolution Figure
532h). These structures resemble d6dspherical nucl e
promise as therapeutic agehts1°%163 Unlike reported SNAs, however, the RO assemblies
feature a hollow interior enclosed by a pliable, asymmetric nageolmembrane. Their unique
composition and structure will motivate future studies aimed at exploration of their therapeutic
potential.

As noted earlier, P@Cs assembl@nto fibersin 150 mM and 300 mM C3 solutions
These higher salt concentratios may facilitate tighter Qs packing, resulting in parallel
alignment of the P@Cs intofibers (Figure 5.33a). In contrastat lower salconcentratioa (50
mM), repulsive interactions between phosphate backbwmesd drive the oligonucleotides
apart from one another, resulting in spherieasemblies Kigure 5.33b). Based on this
reasoning tuning the length of the oligonucleotide should significantly affect the assembly
morphology. PQC with a much shorter oligonucleotigmrtion thanPOwsC, may assemble into

fibers at salt concentratiobglow 150 mM.
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Greater Charge Shielding

Less Charge Shielding

+2 +2 +2
+2
Ca Ca . Ca  Ca

+2
Ca 2 /., ~Ca
ca?CC2Cca ca ' 2
c a
C
Ca h c
Ca c y
2 +2 N +

Figure 5.33. Role of charge shielding. (a) Greater charge shielding can allow for tighter pa¢dR@Cs, which

can lead to fiber formation. (b) Greater repulsion due to less charge shielding favors the formation of vesicles.

Indeed, TEM imagef PGC assemblies showprimarily twisted fibers and fiber
aggregates at 5800 mM CaCkt (Figure 5.34b-d and Figure S580-S5.83. A mixture of
spherical and fiber assemblies was observedOaimM CaCk concentration, which is also
consistent with ouhypothesigFigure 5.34a and Figure S5.79). At higherionic strengths (150
and 300 mM C¥), the fibers appear to consist of sevdmahdled strandsF{gure 5.34c,d and
Figure S5.81, Figure S582); however, individual fibers can be observetbater ionic strengths
(10 and ® mM Ca'®) (Figure S583). The fibers were exposed to a solution of 5 nm gold
nanoparticles functionalized with thess@omplementary sequence. However, the particles did
not adhere to the fédrs and no shift in the LSPR band vediserved Figure S584); thisimplies
that the @ within the fibers are packed tightly together and relatively inaccessible, which
prevents duplex formation. Although we cannot propose a detailed model for POC assembly
within the fibers at this stagahese results are not inconsistent with the higihlstrged

oligonucleotide block of the POC still being exposed to the aqueous assembly medium. In
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summary, our results clearly demonstrate that both salt concentration and oligonucleotide length

significantly affect the morphology of the POC assembly and that both can be independently

tuned to promote either fiber or sphere assembly.

Figure 5.34. POsC assemblies at varying CaClncentrations. TEM images of EDassemblies formeid (a) 10

mM, (b) 50 mM, (c) 150 mM, and (d) 300 mM CaCIEM samples were preparefiea 1520 hrs

We also considered whether interpeptide interactions affect assembly behavior and
morphology. In previous studies, we determined ath the Nterminal potion of
AYSSGAPPMPPFc an a s s e mdhdets if a hydrophobic -§oup is attached tthe
alanine residué> % We usel Fouriertransformed infrared (FTIR) spectroscapydetermine if
similar interpeptide interactions contribute to the assembly behavior of the R@@snide |
band at 1642 crh which indicates the absence of interpeptide secondary structurebseased
for POweC spheres;n contrast, an amide | band at 1631'¢m ¢ h a r a c sheetstrusttré, ¢ o f
was observed foPGC f i ber s, s usbegsehelp btabijze and gpromotb fiber

formation(Figure 5.35).11011
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Figure 5.35. FTIR spectra of PQC vesicles (red line) and RO fibers (blue line) assembled in 50 mM CacCl

Multiple interdependent factors influence the morphology ofisEOand PGC
assenblies, including salt concentration, oligonucleotide length, angrisence or absence of
b-sheet structurelFor PQsC, with a long oligonucleotide, fiberare not favoredat low salt
concentrations, presumably due itderstrandrepulsive interactiondetween the phosphate
backbonesHowever, at sufficiently high sattoncentrations€.g, 300 mM CaCl), enhanced
chargescreening enables tighter packing of the oligonucleqtiddewing for the parallel
alignment of P@C s i -shiead nefvorkshat facilitate fiberformation (Figure 5.33a). For
PGsC, with amuchshorer oligonucleotidetight parallel packingpf the POCs can occur at lower
salt concentrations, which enablbsheetformation and the assembly of fibess the salt
concentration is lowered, a threshold can behedat which charge repulsions between the
phosphatdackbonebecomesignificantenoughto favor sphereformation Eigure 5.33b).

Our data and observations point to hessibility ofmorphology predictiofbasel on the
&harge ratig defined as the ratio of the total number of positive charges from theirCa

solution to the total number okgative charges on tROC (Figure 5.36a). Asthe charge ratio
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