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Abstract

This thesis is focused on the development and applications of two different types
of biomaterials: nanoparticles and polymeis. chapter 1, | briefly review these
biomaterials.In chapter 2, we develogold nanoparticlesGNP9 that can be driven to
either sefassemble or remain colloidally stahising coiledcoil protein interactions
Control over the GNP seHdssemblyor stability is critical for specific biomedical
applications. Inchapter 3, weuse the selfassembling GNPs to inhibit human
immunodeficiency virus typé (HIV-1) by adding a targeting ligand for HiY. However,
wefoundour GNPs are weak inhibitors of HFY. Methods to improve the inhibitor design
are then discussed. binapter 4, a biomaterialsased approacis used to elucidate the
structures of HIV1 and human Tell leukemia virus typd (HTLV-1). A GNP
immunolabeling strategy is used to identify HI\and HTL\f1 envelope proteingritical
for viral entry and targets for vaccine developmelotwever, themmunolabelling strategy
was not robustand alternative methods $tudy envelope proteirege discussed. Lastly,
in chapter 5a novel elastomeric polymer is evaluated for biomedical applications: PLA
PbMUVL-PLA polymers were synthesized in this work ambwn to exhibit elastomeric
properties. Next, the polymers wdoeindto be biocompatible and biodegradable bath
vitro andin vivo. Overall, this thesisliemonstratethe development and applications of

bothgold nanoparticles andlastomerigolymersas biomaterials.
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Chapter 1:Introduction

1.1 Biomateriaé

Biomaterials defined as flany matter, construct, or surface that interacts with
biological systems are indispensable to the field of mediciioglay® Both naturaland
synthetic materials can be used @sniaterials to support, enhance, or replace natural
biological functions or damaged tissdeBiomaterialshavea broad range of applicatigns
including medical implants, methods to promote healing of tissugssue regeneration,
molecular prbesand imagingbiosensors, and drug delivery systearsong other$The
different types of biomaterials include polymers, ceramics, metals, and compdsites.
Additionally, nanoscale biomaterialsre usedin many biomedical applications. For
example, nanoparticleseusedas molecular probes and biosendoraid in imaging and
therapies Polymersareused formultiple applicationsjncluding medial implants, tissue
engineering scaffolds, and drug delivedgvices® This thesis is focused on the
development and application of nanoscale and polymeric biomaterials for different

biomedical applicatiorés this chapter providesbrief overview ofthesebiomaterias.

1.2 Nanoparticles

Nanoparticles, one example ofinoscale biomaterialsare particleswith overall
dimensionson the nanoscale or under 100 nanometddanoparticleshave properties
distinct from bulk materials due to their small size. For example, nanoparticles have
enhanced biological mobility over bulk materials, and therefore, are useful in biomedical
applications as contrast agents or for directtbdg and gene delivel® Metal
nanoparticled especiallygold nanoparticles (GNR&)offer high thermaland chemical
stability, a small sizeto-volume ratio,biocompatibility,a high photothermal conversion

1



rate, tunable optical and electronic propertieand are easily syntheszed and
functionalzed’°!° Due to these properties, GNPs have been usedbifonedical
applications ranging frormontrolleddrug delivery, phottherapyjmaging, biosensors, and

diagnostic tool$:115

GNPs can bereadily functionalized with antibodies,proteins nucleic acids,
aptamersor other targeting ligands. FunctionalizedGNPs hae been used for many
applications, namely labeling or targeting cells and proteins of intares$therapies, like
plasmonic photothermal therapies (PPTThat require site-specific targeting® One
example of surface functionalization is antibody conjugatforiibody-conjugated GNPs
have been used for biomedical imaging of cancers,cellaging of animals through
computerized tomographynd gold immunolabellingo detect pragins of interest”*®
Most recently, antibodabeled GNPs have been udeddetectsevere acute respiratory
syndrome coronavirus 2 (SARSoV-2) .22 Additionally, GNPs have been functionalized
with proteins anducleic acidgor gene and drug delivery applicatiot®:2Protein and
DNA-conjugated GNPs hawasobeendesignedor viral inhibition %28 further discussed

in Chapter 3of this thesis

Surface functionalizedGNPs have also been used to desigolorimetricbased
diagnostic andietection methods!3* These colorimeto-based methods use thaique
sizedependent opticadnd electroniqropertiesoffered by seHassembled GNP4$:30:3°
GNPs can be designed to saffsembléhroughphysical and chemical cué%*° Previous
work used polymerpolymer, DNAwoligonucleotide hybridization, and protdigand

mediated recognition everitsguideGNPself-assembly*® 42 Theresultingsize dependent



optical properties of GNPs have been used tgosg ligandreceptor interactions and

detectviruses, biomolecules, and circulating tumor c&if§434°

Overall, GNPsare highly versatile and therefore habkeen widely used in
biomedical applicationgzor many applicationcontrol over the GNP behavior is critical.
Selfassembly is desired in various applications, such as biosensing and diagnostics,
whereas imaging and targeted delivery requobloidally stable GNPsas discussed in
Chapter2.12 In this thesiswe demonstrateontrol overthe GNP behavior usingrotein
protein interactions$o drive eitherselfassemblyor colloidal stability of GNPsWe then
use the proteinconjugated GNPs that exhibit selissembly to inhibit human
immunodeficiency virus typé& (HIV-1) by adding a targeting ligand for H¥. Lastly,we
use a biomaterialsased approado elucidate the structures of H¥and human Eell
leukemia virus typd (HTLV-1), in whichGNPs were used as probes to identifiyical

structural proteins.

1.3 Polymeric biomaterials

Like nanoscale biomaterials, polymenave been useds biomaterialsfinding
applications in medical devices, tissue engineering scaffolds, and drug delivery
devices*®*’For example, the synthetic polymers poly(lectd-glycolic acid (PLGA),
poly(hydroxyethyl methacrylate) (P HEMA), and poly(ethylene glycol) (PE&)e been
used for decadeasdrug delivery devices, intraocular lens materiatintact lenss or
scaffolds for tissue engineerifi§.Natural polymers have also been used for many
biomedical applications, such as hydroxgtige and chitosaff. Ultimately, polymer
choice depends on factors sucltlas anatomical location, mechanical requiremeants,

cell types required for an implant or devié€ An additional consideration is



biocompatibility, which is defined afthe ability of a material to function with an
appropriate host response in a specific applicatifrBiocompatibility is not an inherent
property of a material butshould be evaluated for specific biological applimas®
Biodegradability is another property that should be considered when selecting pdfymers.
For tissue engineering and drug delivery applicegj@ polymeric scaffolshouldprovide
support while tissue is regenerated or whiie drug is being delivere®®! Once the
scaffold or implant has fulfilled its funcm, biodegradation is ideahs iteliminatesthe

need for a second surgery to remove implanted matexthlcinghospitalization time and
health care costs and mininmg the risk of infection and complications during a second

surgery?1:°2

Some of the most commonly used polymers for medical applications that exhibit
bi ocompati bil ity and-hyjdroxy ésters), iaddudingipolyilactic ar e
acid) (PLA), poly(glycolic acid) (PGA), poly(lactic acido-glycolic acid) (PLGA), and
poly(caprolactone) (PCL3 PLA has been used for bone fixation screws and drug delivery
applicationsPGA and PLGA copolymers have been used for DEXON commercial sutures
and skin graft materiafS.PCL has been used for lotgym contraceptive devices and drug
delivery device$>®* Overall, these polymers have been used in many -Bfpgkoved
devices® Howevero n e d r a wb a-eskers)dsf theipgal Imgchadical properties
Mechanical properties are critical for tissue engineering apiplisaand biomedical
implants and he mechanical properties afimplant should be similar to that of the host
tissue,asmechanical mismatch can be detrimentarémplant'ssuccess® °¢ Therefore,
for applicationslike soft tissue engineeringpolymers shouldexhibit flexibility and

elastomeric properties (i,ghey are higly stretchable and can completely recover after



being stretched)! A more detailed description of the mechanical properties required for
soft tissue engineeringnd elastomers currently used for such applicatiapgearsin

Chapter Sof this thesis.

The development of polymers thatombine these characteristics
biodegradability, biocompatibility, andiomechanical compatibilify is essential for
biomedical applicationg?art ofthisthesis Chapter % is dedicated to synthesizing a novel
polymer, poly(lactic acidto-p o | -gndthylt-valerolactonexo-poly(lactic acid) (PLA
P b MU -RUA), that exhibits these properties and evaluating its use as an implantable
biomaterial. Additionally, a secondelastomer PLA-co-poly(methytcaprolactonefo-

PLA, was exploredor potential use in biomedical applicatiomeported inAppendix3).

1.4 Overview of thesis

Overall, this thesis focuses developing and applyingvo differentbiomaterials:
gold nanoparticles and elastomeric polymers. S¢wmndchapte of this thesifocuseson
developingproteinconjugatedGNPs that exhibitontrolled seHassembly and stability.
Thethird chepter utilizes the selfassembling GNPs developed@hapter 2and assesse
their ability to inhibit viral infection. Thdourth chapterdevelos a biomaterialbased
approach to elucidate tharucture of viruses using a GNP immunolabelling method.
Lastly, the fifth chapterof this thesis reportshe synthesis and evaluation of a novel

polymeras an implantable material



Chapter 2: Colloidal Stability versus $eAssembly of Nanoparticles Controlled by

Coiled-Coil Protein Interactions

This work was eproduced fronthe following referencavith permission from the Royal
Society of Chemistry Siehr, A.; Xu, B.; Siegel, R.A.; and Shen, \iColloidal
stability versusself-assembly of nanoparticles controlled by coieidl protein

interactiond RSC Advance2019, (15) 7122126.doi.org/10.1039/C9SM01314H

Synopss

Orientationaldiscrimination of biomolecular recognition is exploited here as a
molecular engineering tool to regulate nanoparticle -asdembly or stability.
Nanoparticles are conjugated with the heterodimerizing coibdd, A and B, which
associate in parallel onéatiord smply flipping the orientation of one coiletbil results

in either seassembling or colloidally stable nanoparticles

2.1 Introduction

Controlled nanoparticle setfssembly or stability is essential for technological
development innanomedicine and nanobiotechnol3§y® For example, nanoparticles
used for computerized tomography imaging and ptasomphotothermal therapies are
required to be highly stable under physiological conditidA8Controlled nanoparticle
selfassembly has been extensively exploited to develop therapeutic methods for viral

inhibition and detection technologies for biommlles, viruses, and circulating tumor

Ce”S.24’30 32,3543

Currently, the most common approach to stabilize nanoparticles is surface
modification with poly(ethylene glycpl (PEG)®?®? although approaches using

zwitterionic ligands have also been propo%tSelf-assembly of nanoparticles into larger
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hierarchical structures is typically engineered on the basis of hydrophobic interactions,
electrostatic interactions, and biomolecular recognffdl. Biomolecular recognition
modes, such as DNA hybridizatiéh!!"coiled-coil selfassembly! " streptavidirbiotin
interactions’* and antibodyantigen interaction§, have high specificity, and have been
extensively used to direct nanoparticle ssfembly. Hybridization of DNA
complementary strands and saffisembly of some protein domains, such as coibéd,
exhibit orientational discriminatioff, making these modesare versatile in controlling

selfassembly and forming nanoparticle superstructures.

Here we report that orientational discrimination of biomolecular recognition can
be used as a molecular tool to control nanoparticleassémbly and stability. In a miel
system, we conjugated a pair of heterodimerizing caitsbtiproteins, iAo andfiBo,’” on
gold nanoparticles (GNPs). While the A protein was conjugated to the GNPs in a fixed
orientation, the B protein was conjugated at either Herwinal or Gterminal side,
providing two diffeent orientations of this domain on the particle surface. Simply flipping
the orientation of B led to two completely different particle behaviors: one orientation
maintaining colloidal stability of the GNPs, and the other orientation driving GNPs into

largeaggregates.

2.2 Experimental Section
2.2.1Protein synthesis, purification, and characterization

The protein sequences afgown inTable 1 The proteingysA, Bcys, nA, and nB
have been previously reportéd? and cysB was constructed in the Qiagen pQE9
expression vector. Each protein was expressed i&.twi strain SG13009 under control

of the bacteriophage T5 promoter and purified through nickelotriacetic acid (Ni
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NTA) metal-affinity chromatography, as previously reporfé@ All cysteinated proteins

were purified in the presence of 1 md3 TCEP
were purified in the presence of 1 md3 PMS
proteins wee dialyzed against water, followed by lyophilization. The proteins were
characterized by using SBf®lyacrylamide gel electrophoresis and MALDI mass

spectrometry on a 5800 MALDI/TOF Mass Spectrometer-GEEX).

2.2.2Synthesis and characterization of GNP

The FrensTurkevich method was used to synthesize GNBsiefly, a solution of
gold (Il) trichloride (Sigma Aldrich) was prepared at a concentration of 0.1 mgimL
water and boiled undeontinuous stirring with a condenser apparatus attached. A solution
of trisodium citrate (Sigma Aldrich) was prepared at a concentration of 11.4 rhgunal
added quickly to the boiling gold (111) trichloride solution at a volume ratio of 1.88:100.
The mxture was boiled for an additional 8 minutes, resultingitrate capped GNPs. The
GNPs were characterized by using dynamic light scattering (DLS) aneVi®)V

spectrophotometry.

2.2.3Surface modification of GNPs with proteins

The surface of GNPs was nibeld with cysA and cysB (cysAysB GNPS) or cysA
and Bcys (cysABcys GNPs) through the gettiiol reaction. The solution of each
cysteinated protein (50 O i3) w a-eysteipated p ar e d
heterodi merizing Ipetendner (cysA/nB5cysB/og), BcysmA),fso r m
that proteins covalently conjugated on GNPs would not be closely packed. Each solution
was prepared in 40 mdi HEPES buffer contain

12 hours at 4C. To modify GNPs, the salions of cysB/nA and cysA/nB or the solutions



of Bcys/nA and cysA/nB were mixed at a 1:1 ratio, and the mixture was added dropwise

to the GNP suspension (1.53 x*4GNPs mL?!) while stirring at a 1:3 ratio, followed by

stirring overnight. TheroteinconugatedGNPs wer e stored at 4 C u
were characterized by using dynamic light scattering (DLS) and-VIsV

Spectrophotometry.

2.2.4Sample preparation for examining particle saisembly

The proteinconjugatedsNP suspensions and PBS Elgne, 1X or 0.006d3, p H
7.4) were filtered through 0.2micron filter (Acrodisc). A 2 mL aliquot of eagirotein
conjugatedsNP suspension was centrifuged at 5.6krcf for 1 hour, followed by removal of
1.7 mL of the supernatant and resuspension in 1 MERBS. Immediately following
resuspension was the Day 0 time point. Particleasslémbly was characterized using-UV
Vis Spectrophotometry, Transmission Electron Microscopy (TEM), and Small Angle X

ray Scattering (SAXS).

2.2.5 Dynamic Light Scattering

Sanples were filtered through a GrRicron filter, and DLS was measured using a
90Plus Particle Size Analyzer (Brookhaven) at 90° scattering angle. The average
hydrodynamic diameter was determined using the method of cumulants. Polydispersity

values lower tha 0.08 were considered to be monodisperse.

2.2.6 UMVis Spectrophotometr
UV-Vis spectra scanned from 350 nm to 750 nm were collected at a 600 ffm min
scanning rate and a 1 nm resolution on a Cary Win 30¥/13\épectrophotometer (Agilent

Technologies).



2.2.7 GNP size and concentration
The UV-Vis spectra revealed the size of GNPs and the concentrations of GNP

suspensions according to Equations 1 afftl 2:

QO AgB — 6 Equation 1

0 Equation 2

whereQis the diameter in nanometehsjs the concentration of GNPs in particles L
0 isthe absorbance at the SPR peak (or maximum p&ak)is the absorbance at 450

nm, and the constanis andd are 3.00 and 2.20, respectively.

2.2.8 Transmission Electron Microscoffy}EM)

Samples were prepared by dropping 20 pL of a particle suspension onto a TEM
grid (carbon type B, 300 mesh grid; TedPella), incubating for 20 minutes, and removing
excess liquid with a KimWipe. The TEM grids were further dried for 12 hours, and TEM

images vere collected on a Tecnai T12 instrument operated at 100kV.

2.2.9 Small angle-ray scattering (SAXS)

SAXS data were collected with a Cw Kadiation source (operated at 60 kV and
0.3 Ma)at a wavelength of 1.5409 A on SAXSlab Ganesha (Xenocs). Aftenplesavas
incubated at room temperature for the intended time, it was pipetted up and down to ensure
uniform particle suspension and loaded into a quartz capillary tube with an inner diameter
of 1.3 cm. The tube was sealed witminute epoxy (Loctite) anallowed to dry overnight.
All spectra were collected with theray beam centered near the bottom of the capillary

tube, with a 2 mm centered beam stop usmg aperture SAXS, and were transmission
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corrected and thickness corrected to the inner diamktiee tube. Filtered PBS buffer was
used as the background fproteinconjugatedGNPs; the supernatant collected from a
centrifuged, unmodified GNP sample was used as the background for unmodified GNPs.
Collection times for SAXS measurements were 1 houtdst samples and 30 minutes for
background samples. Background subtraction of all SAXS spectra was completed using

JADE software.

The particle centeto-center distance d was determined from the scattering vector
g according to Equation 3, where d e tinterparticle distance and q is the scattering

vector#0

Q — Equation 3

The radius of gyration was determined by a Guinier plot fit to Equatfén 4:

7o 1 TO — Equation 4

wherel is scattering intensitylp is the background scattering intensity, q is the scattering
vector, and Ris the radius of gyratiorPRIMUS software was usédThe hardsphere

radius, R, was determined from the radius of gyration according to Equdfion 5.

Y =Y Equation 5
2.2.10 ICROES and TOG@nalysis
To determinethe concentration of proteins conjugated to the surface NP3
cysA-Bcysand cysAcysB GNR were analyzed usingductively coupled plasmaptical

emission spectroscopydP-OES andtotal organic carbo(irOC) analy®s toquantifythe
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concentration of gold (corresponding to GNPsnd carbon (corresponding faroteins),
respectively. 50 mL of cyscys and 50 mL of cysAysB GNPs were centrifuged at
16.1krcf for 70 minutes. 42.5 mL of the supernatant were removed, and samples were
resuspended to 50 mL in 8M urea (pH 8.0) overnight. The above centrifugation peocedu
was repeated an additional 5 timegémove unbound proteins thoroughly the final

wash, 42.5 mL of the supernatanern removed, and the remaining samples were
transferred to Microco30 Ultra Centrifugal filters (EMD Millipore) with &80kDa
molecuar weight cutoff (MWCO). The samples were then washed wWititii -Q water by
centrifuging the samples at 8krcf for 20 minutes. This washing procedure was completed
a total of 6 times to remove excess urea. After the final washing step, samples were
resuspended in 6 mL of water, transferred to anaeished glass vial (QorPak vial with

acid proof lid), diluted with 2.743 mL of aqua regia (an acidic solution composed of 1:3
volumeto-volume of HNQ:HCI), heated slightly to dissolve aBNPs and therfurther

diluted with 18.3 mL of MilliQ water. For ICROES analysis, 1 mL of this solution was
transferred to a new vial (acilashed QorPak vial with acjroof lid), followed by
dilution with 5 mL of 2% HNQ solution. The remainder of the original sabut was used

for TOC analysis. All samples were stored &Cbeforesubmitting for ICPOES and TOC
analysesat the Research Analytical laboratory at the University of Minnesatdd
concentrations were analyzed using an iCap 7600 DueQE® Analyzer. Astandard

curve of gold ions in solution (completed in triplicate) was used to determine the
concentration of gold in the GNP solution. Total organic carbon analysis was completed
using a ElementaVario TOC cubeFive samples of cysBcys GNPs anfive samples

of cysA-cysB GNPs were analyzed.
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The massn gramsper GNP M) wasdetermined by the following:

b -"0 Equation 6

In Equation 6above,” is the density of fcc goldo( & Q(B d)’ andOis the diameter of

GNPs, as determined by WVis spectrophotometr§f 8¢ This valuewas then used to
determine the number of GNPs from the gold concentration detettyni€P-OES. The
number of proteins ascalculated from TOQising the number of carbons per protein
assuming a 1:1 ratio of cyst#® Bcys (371 carbon atoms per protein) and cysAysB

(380 carbon atoms per protein).

2.2.11Disassembly of seHssembled GN§?
GNPs seHassembled over 10 days were transferrec tiow protein binding
Eppendorf tube and heated at & for 1 hour to denature the proteins. Samples were

characterized using UVis spectrophotometry before and afteattreatment.

2.2.12Effect of higher protein packing density on sefembly ofysABcys conjugated
GNPs

It was expected that when the packing density of conjugated proteins on the GNP
surface was too high for interparticle protgirotein heterodimerization to occuself
assembly ofcysA-Bcys conjugatedGNPs would be inhibited. Tcest this hypothesis,
surface modification of GNPs was conducted without-cysteinated coiledoil proteins
(nA and nB), which were used to prevent an excessively dense packing. The nanoparticle

behavior of these GNPs was examined over a time coudd® adys.
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2.2.13 Effect of lower protein packing density on colloidal stability of eygsB
conjugated GNPs

It was expected that when the packing density of conjugated proteins on the GNP
surface was too low fontraparticle coileecoil heterodimerization to occur, colloidal
stability of cysAcysB conjugated GNPs would be impairdth test this hypothesis,
surface modification of GNPs was conducted in the presen€e,of 5, 25,b- and
mercaptoethanobME), a small thiolate that competes with thédiated protein binding
to the GNP surface, to reduce protein packing dengtg. nanoparticle behavior ofdh

resulting GNPs was examined.

2.3 Results and Discussion

2.3.1The nolecular design of nanoparticlés expected to control nanoparticle behavior

The molecular design of the nanoparticles is illustratedrigure 1 A and B
proteins have been previously shown to heterodimerize in the parallel direction through
hydrophobic and electrostatic interactidhsimmobilizing A and B in antparallel
orientation on the same nanoparticle results in a parallel orientation on adjacent
nanoparticles, promoting interpiete protein heterodimerization and nanoparticle-self
assembly Figure 13). Alternatively, intraparticle protein heterodimers can form when A
and B are immobilized in parallel orientation on the same nanopatrticle. ddikskcoils

do not bridge adjacent nanoparticles, resulting in colloidal stalHigute1b).

2.3.2Synthesized GNPs are 20 nm and have low polydispersity
GNPs synthesized using the Fréngkevich method were characterized by
dynamic light scattering (DLS) and WVis spectrophotometr{? DLS revealed a

hydrodynamic diameter of 20.5+£0.7 nm with a polydispersity of 0.077+0.020. Théa$JV
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spectrum showed a characgtic maximum absorbance at 518 nm, corresponding to
surface plasmon resonance (SPR) of GNPs having a diameter of 18°8"fiime GNP
concentration was determined by the ratio of the &lasme at the SPR peak to that at 450

nm as previously reportéf.

2.3.3 Proteins are conjugated to the GNPfaoe through golehiol interactions

Two noncysteinated coiledoil proteins, nA and nB, and three cysteinated ceiled
coil proteins, cysA, cysB, and Bcys, wermthesizedgee Table 1or protein sequences).
In the cysteinateg@roteins, the cysteine residue was incorporated near-teeninus of
the coiledcoil domain in cysB and cysA, and near thée@ninus in Bcys. By combining
heterodimers of a necysteinated protein with its cysteinated partner, solutions were
prepareccontaining nA and cysB (nA/cysB), nA and Bcys (nA/Bceys), and cysA and nB
(cysA/nB) in the presence of a reducing agent, tts{boxyethyl)phosphine (TCEP) (75
Ods and 50 -@skeindted rand mysteinated proteins, respectively). These
heterodimers weréhen conjugated to the GNPs by gtidbl reaction. Specifically, the
solutions of nA/Bcys and cysA/nB or the solutions of nA/cysB and cysA/nB were mixed
at a 1:1 ratio, and the mixture was added to a GNP suspension (1.533NE mlY) at
a 1:3ratio while stirring. Solutions of coiledoil protein heterodimers, in which one
partner was nowysteinated, were used in order to prevent an excessively dense packing
of covalently conjugated proteins, which may inhibit interparticle ceailatl
heterodmerization. The GNPs modified with cysA and Bcys (denoted here asByga
GNPs) had the two coilecbils conjugated on the surface in gpairallel orientation, and
the GNPs modified with cysA and cysB (denoted as eyp#B GNPs) had the two coiled

coils on the surface in paralletientation Figurel).
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2.3.4ProteinconjugatedGNPs are characterized using DLS, W5, and SAR

Immediately following protein conjugation, DLS reveahsdirodynamic diameters
of approximately 35 m for both cysABcys and cysAcysB conjugated GNPJ @ble 2.
The change in hydrodynamic diameter from 20 nm for unmodified GNPs to 35 nm for
coiled-coil conjugated GNPs suggests an approximately 7.5 nm thick corona. This is
largdy consistent with the 6.3 nm length of the coitamdl rods as previously report&d
plus the additional small linker sequence length of ~1.6 nm3AXES data irsection 2.3.6
for further information). The polydispersity of theoteinconjugatedsNPs was the same
as that of unmodified GNPs, suggesting that aggregation did not occur during or after the
conjugation procedure. Colloidal stability of GNPs at this step was most likely maintained
by the large excess of unbound coitaals in the solubn, which dominated strand
exchange with the noncovalently immobilized coitadls on the GNPs and prevented
interparticle coileecoil interactions. TheroteinconjugatedsNPs were also characterized
using U\:Vis spectrophotometry. The maximum SPR pefthe UV-Vis spectra shifted
from 518 nm for unmodified GNPs to 524 nm for both cy&2#ys and cysAcysB
conjugated GNPsT@ble 3 (Figure 2). Theredshift in the SPR peak was due to the
presence of pteins bound to the GNP surface and suggests that surface modification had

occurrec®’

2.3.5Molecular design results in colloidally stable or satfsembling nanopatrticles
Nanoparticle behavior after reducing the concentration of unbound -cwillsdn

solution was then examined. Specifically, each suspengas centrifuged, and 85% of

the supernatant was removed, followed by resuspension in PBS at 50% of the starting

suspension volume. The samples were then examined over a time course of 10 days to
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observe the behavior of thgroteinconjugatedGNPs. Thedifference between the two
types ofproteinconjugatedsNPs was first observed visualllyigure 3a). On day 0, both
suspensions ofproteinconjugatedGNPs appeared red, as expected for-aggregated
GNPs®” On day 10, visible dark red and purple aggregates in a clear backgrowund wer
observed for the cysBcys conjugated GNPs, but no visible aggregates or color change
was observed for the cyséysB conjugated GNPs. Representative-U¥ spectra of
cysA-Bcys conjugated GNPs also exhibited a-sbadt and broadening of the SPR peak
ove 10 days, while those of cyséysB conjugated GNPs remained almost unchanged
(Figure3b). It has been reported that a 4&dft in the SPR peak of the U¥Ms spectra
occurs when GNPs form aggregate®8°8"8The differences in the UVis spectra
between the two particle samples confirm that the @geys conjugated GNPs aggregated
readily and the cysA&ysB conjugated GNPs were highly stable. As a final confirmation
of disparate aggregatiorebaviors, TEM imaged-(gure 4) revealed that the cysBcys
conjugated GNPs formed large aggregates after 5 days, while theegyBAonjugated

GNPs did not form aggregates at 5 or 10 days.

2.3.6 Particleto-particle distance igonsistent with coiledoil heterodimerization

The structure of cysMcys conjugated GNRggregates was probed using Small
Angle X-Ray Scattering (SAXS). SAXS spectra on day E@re 5) exhibited a
maximum peak at a-galue d 0.234 nm' for cysA-Bcys conjugated GNPs corresponding
to a dspacing of 26.8 nm (Equation %) SAXS spectra for cysA&ysB conjugated GNPs
were of low amplitude and did not exhibit any distinct peaks on daki@Qre5). Size of
the unmodified GNPs was also characterized using SAXS. Fitting the scattering data to the

Guinier function Figure 6) yielded a radius of gyration ¢R of 6.66+0.11 nm,
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corresponding to a hard sphere radius of 8.60 nm (Equations 4 and 5) and a diameter of
17.2 nm, which lies between the previous estimates of padterheeter derived from DLS

(20.5 nm) and SPR (16.8 nm). The patrticle cetdeenter distance of 26.8 nm and the
particle radius of 8.60 nm suggest that the surfacirface distance between neighboring
particles was 9.6 nm. This value is largely caesis with that expectedor GNP
aggregates mediated by interparticle coted heterodimerization, because these ceiled

coil A and B rods are 6.3 nm loffgand both cysA and Bcys contain a few amino acid
residues between cysteine and the cedeitl domains (suggesting a linker length of 1.6

nm).

2.3.7 SeHassemblyf cysABcys GNPss due to proteirprotein interactions

To demonstrate that sedksembly of cysAcys conjugated GNPs was due to
proteinprotein interactions, GNPs selésembled for 10 days were treated at@Qo
denature the proteins. The WXs spectrum of the reding GNP suspension was
substantially different from that of the aggregated GNPsday 10, but essentially
indistinguishable from that of the paggregation suspension on day FEig(re 7a),
indicating that the selissembled 8Ps could be disassembled upon protein denaturation.
The same treatment had no effect on the colloidal stability of-cysB conjugated GNPs

(Figure7b).

2.3.8 ICROES and TOC allow for characterization of the packing density

The packing density, or the number of proteins conjugated to the GNP surégce
affect the behavior of the nanoparticles. Many different methods have useero
characterize packing density, including inductively codpgidasmamass spectrometry

(ICP-MS), nuclear magnetic resonance (NMR), circular dichroism spectroscopy (CD), and
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microscale thermogravimetric analysis-TBA).>"%® NMR and CD require GNP
concentrations to be measuieeforedetermining the concentration of proteins, whereas
ICP-MS and 4TGA can quantify both protein and GNP concentration simultaneously.
While ICP-MS and HTGA are optimal metbds for determining the protein packing
density access to such instrumentation is limited. Therefore, we used two simultaneous
methods to determine the packing density: inductively coupled plaptical emission
spectrometry (ICROES) and total organicachon analysis (TOC). IGCBES was used to
determine the concentration of gold corresponding to the GNPs, while TOC was used to

determine theoncentration of carbon, which corresponds topiteéein concentration.

Proteirconjugated GNPs were first washed to remove excess proteins and
unbound, nortysteinated proteins (nA and nB) followed by ICP and TOC analysis. The
two proteins (either cysA/Bcys or cysA/cysBgre conjugated to the GNPs at a 1:1 ratio
and, therefore, it was assuth#éhat the ratio of these two proteins was 1:1. From these
analyseswe found that cysAcys GNPs and cys@ysB GNPs had packing densities of
826+305 and 5621136, respectiveligure8). The packing density on cysBcys GNPs
was slightly higher than that of cys8ysB GNPs.This may be due tthe extra linker
structure found in the cysB proteiseg Table Tor protein sequences). However, these
values were statistically insignificantudent's-test, pvalue>0.1), which suggests that

differences in packing density are not responsible for differences in nanoparticle behavior.

2.3.9 Changing the packing density changes the nanoparticle behaviors
The inclusion of nowtysteinated partners when the GNPs warejugated with
cysA, and Bcys was necessary to provide an optimal spacing between the latter coiled

proteins, such that they could form interparticle coted heterodimers. In the absence
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of nA and nB, the packing density of cysA and Bcys washigb to permit cysABcys
coiled-coil bridges between GNPs, and hence impaired GNP aggregaiimg9). On

the other hand, reducing the packing density of eyg#B by conjugating these proteins

I n t he prmersaptoethal, aosiall thiolate that competes with thnediated
protein binding to the GNP surface, eliminated GNP colloidal stability (promoted
aggregationFigure10), most likely due to the increased distabeéwveen cysA and cysB
conjugates, and hence prevention of intraparticle eggdB heterodimerization. These
observations highlight the importance of both protein orientation and packing density on

particle behavior.

2.4 Discussion

While previous work introduced the use of coitmdl proteins to drive self
assembly of inorganic nanoparticles into larger hierarchical stru€fdfethis is the first
demonstration that orientational discrimination of biomolecular recognition can control
selfassembly versus colloidal stability of inorganic nanopatrticles. In particular, colloidal
stability has not been shown previously to be coradolby coiledcoil proteins. The
tendency of cysMcys conjugated GNPs to se@fsemble and the colloidal stability of
cysA-cysB conjugated GNPs as observed in these experiments suggest that interparticle
and intraparticle coiledoil heterodimerization ignergetically favorable for these two

types of GNPs, respectively, verifying the material deslgstrated inFigure 1

The cysABcys conjugated GNPs could be stored in a colloidally stable state in the
presence of a large eess of solubilized coiledoils, and their aggregation could be
triggered upon reduction in the concentration of solubilized caitéld. These might be

important properties in practical applications, such as detection technofbgfiés?
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Future studies may include investigation of the aggregation kinetics of-Byga
conjugatedsNPs as a function of nanoparticlesotubilized coileecoil concentration. In
addition, the coilegtoils presented here can be easily modified with bioactive ligands or
targeting moieties for both sedlssembling and stable nanoparticles, via protein
engineering. Thus, this approach can beetl to create colloidally stable or self
assembling nanoparticles while maintaining the bioactivity and targeting ability of the

ligands.

2.5 Conclusions

In summary, we report that orientational discrimination of biomolecular
recognition can bearnessed as a molecular engineering tool to control nanopatrtiele self
assembly and stability. We demonstrated that when a pair of heterodimerizingcodied
was conjugated on the nanoparticle surface, simply flipping the orientation of one of the
coiled-coils led to two completely different particle properties: one driving the

nanoparticles into large aggregates and the other keeping them colloidally stable.
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(a) cysA-Bcys GNPs

N-termmus C-terminus
. enes g
B Boys

..Q_peptlde linker sH cysB

Figure 1. The molecular design of the nanoparticles. (a) When coitdd A and B ar
conjugated on nanoparticles in ap#rallel orientation, A and B on adjacent particle:
parallel and form interparticle heterodimers that promote nanoparticlasselinbly(b)
When coiledcoils A and B are conjugated on nanoparticles in parallel orientation,
B on the same particle form intraparticle heterodimers, and the nanoparticles

colloidally stable.
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Tablel. Sequencesf proteins usetiere The coiledcoil domains are highligkt in blue.

The cysteine residues are highlighted in red.

Bcys | MRGSHHHHHHGSDDDDKWASGTSGDLKNKVAQLKRKVRSLKD
KAAELKQEVSRLENEIEDLKAKIGDHVAPRDTSMGGC

cysB | MRGSHHHHHHGSDDDDKASSGSGCSGSGTSGTSGDLKNKVAQ
LKRKVRSLKDKAAELKQEVSRLENEEDLKAKIGDHVAPRDTSW
cysA | MRGSHHHHHHGSDDDDKASSGSGCSGSGTSGDLENEVAQLERE
VRSLEDEAAELEQKVSRLKNEIEDLKAEIGDHVAPRDTSW

nA MRGSHHHHHHGSDDDDKASGDLENEVAQLEREVRSLEDEAAEL
EQKVSRLKNEIEDLKAEIGDHVAPRDSW

nB MRGSHHHHHHGSDDDDKASGTSGDLKNKVAQLKRKVRSLKDK
AAELKQEVSRLENEIEDLKAKIGDHVAPRDTSW
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Table2. DLS and U\Vis results.The properties of unmodified anoteinconjugated

GNPs characterized with DLS and WXs spectrophotometry.

Dynamic Light Scattering

UV-Vis spectrophotometry

Sample
Unmodified GNPs
cysA-Bcys GNPs
cysA-cysB GNPs

Size (nm) Polydispersity
20.5+0.7 0.077%0.02
35.2+0.4 0.069+0.018
35.7+0.4 0.077+0.009

24

Maximum SPR (hm)
518
524
524



(a) unmodified GNPs 08 (b) cysA-Bcys GNPs (c) cysA-cysB GNPs
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Figure2. UV-Vis spectra of GNPS he UV-Vis spectra for unmodified GNPs (a), cy

Absorbance (AU)

Bcys conjugated GNPs (b), and cysysB conjugated GNPs (c) reveal a +glift of the
maximum SPR peak from 518 nm for unmodified GNPs to 524 nm for protejngate

GNPs.
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(a) Visualization of GNPs (b) UV-Vis spectra
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Figure 3. Selfassembly vs. stability of GNPga) The suspension of cysBcys

conjugated GNPs exhibited visible large aggregates on day 10, while the suspe
cysA-cysB conjugated GNPs did not show any visible changes. (BYid\épectra ¢
proteinconjugated GNPs over a time course of 10 dayhe spectra of cysBcys
conjugated GNPs showed a broadening and &h#tin the maximum SPR peak o
time (left). The spectra of cyséysB conjugated GNPs remained almost unche

(right). All spectra are normaled to the absorbance at 4%0.
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(a) B (o) [ -

Figure4. TEM images of selassembled vs. stable GNA$EM images of cysMcys
GNPs (ac) and cysAcysB GNPs (d) on day 0 (a, d), day 5 (b, e), and day 10 (

Scale bar is 100 nm
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Figure5. SAXS profiles for cysABcys and cysAcysB conjugated GNPs on day 10.
maximum peak in the spectrum of cyB&ys conjugated GNPs revealed aspacing
(centeto-c ent er di stance) of 26.8 nm in t

is the dspacing and q is the scattering vector.
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Guinier Plot: globular particle
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Figure6. Guinier plot for theSAXS data collected from unmodified GNP
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(a) cysA-Bcys GNPs 20 (b) cysA-cysB GNPs
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Figure7. Disassembly oproteinconjugatedsNPs.UV-Vis spectra oproteinconjugated
GNPs on day 0, day 10, and day 10 followed with heat treatment°at 80 cysABcys
GNPs (a) and cysAysB GNPs (b). After heat treatment, broadening of the SPR peak of
cysA-Bcys GNPs disappearand the maximunsPR peak is consistent with that before

assembly, suggesting that sasembled cysBcys GNPs can disassemble upon protein

denaturation.

30



1500_ ns

1000

1

500

Packing Density
(proteins per GNP)

|
cysA-Bcys cysA-cysB

Figure8. Packing density oproteinrmodified GNPs.The packing density, or number of
proteinsper GNP, for cysAcys GNPs and cysBysB GNPs as determined by KTES

and TOC analyses. Studerdgst, pvalue<0.1, n=5.

31



20

1.6- e Dy 1
€ 141 = Day 2
S 1] Day 3
< ] Day 4
© 1.0 e Dy 5
é’o.s- Day 6
D 0.6—- —Day?
< . ——Day 8

] - Day 9

0.2 ——Day 10

00 1 1 1 1 1 1 V-glr -
350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 9. Behavior of GNPs with high packing densityV-Vis spectra of cysMcys

conjugated GNPs prepared without raysteinated proteins examined over 10 days
UV-Vis spectrum does not show broadening or a shift of the maximum SPR peak

types of GNPs.
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(a) Visualization of GNPs (b) UV-Vis spectra of GNPs
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Figure 10. Behavior of GNPs with low packing densiffhe particle behavior of cys
cysB GNPs prepared witimevaapitogtbano
The samples prepared wi tshowet ingjabilitycgoiakly, &
revealed from the color of the particle suspensions (a) and the broadening and sk

SPR peak (b).
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Chapter 3: Development of sefssembling, multivalent viral entry inhibitors to block

HIV -1 infection

Synopsis

This work ains to develop a new approach to HIWiral entry inhibition by
efficiently blocking the virus from entering host cells. HlVenters host cells via
interactions betweeiits glycoprotein gp120 and thehost cell receptor CD4 ando-
receptorsCXCR4 or CCR5. As a novel antiviral, we developed a nanopakaded
system that displays many copies otaageting ligand for gpl20After binding, the
antiviral nanoparticles wililink upo on the virus surface, forming a cage aroundvthes,
ultimately attenuating infection. To do this, we designed gold nanopar{iGE$s)
decorated with proteins that exhibit two unique features: (1) an antiviral targeting sequence
and (2) complementary crosslinks known as cedeits thatdrive GNP selfassembly
(described irChapter 2. First, thischapter provideslarief review of viral entry inhibitors.
Next, the design and structure pifoteinconjugatedsNPS forHIV -1 entry inhibitionare
described Lastly, theability of proteinconjugatedGNPsto inhibit HIV-1 infectionis
reported
3.1 Introduction
3.1.1 Viral Entry Inhibitors

Viruses establish infection in hosts through a nsiltp processtarting withinitial
attachment and entry into host celisllowed by genome release and replication, viral
protein synthesis, anthe release of new viral particlé$.Viral entry, the first step in

infection, involves multiple interactions between proteins on the virus and haost cell
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resulting inattachment and fusion of the virus with the host cell membrafireventing
viral entry into host cells serves as a target for antiviral therapies.

Entry inhibitors are class of antiviral therapies that preveiruses from entering
cells One mechanismngry inhibitorsemploy is competitive inhibition, where an antiviral
blocks the interactiors betweenviral proteinsandtarget cell receptorpreventing viral
attachment to host cell$heseentryinhibitorscan targeeitherviral proteins or host cell
receptors® 9
3.1.2 Multivalent Viral Entry Inhibitors

Multivalency resultswhen multiple weak interactions with lotinding affinity
occur simultaneously, resulting @ high avidity interactio” Multivalent viral entry
inhibitors are more effective than their monovalent countempaifthis was first
demonstrated with multivalent display of sialic acid, an influenza entry inhibitor, in which
polymers displaying sialic acid in a multivalent fashiegre better inhibitors of influenza
than monovalent sialic acfd.These miltivalent competitive inhibitorsncreasd the
avidity of binding minimized exposed surface area of virusasd reduagthe number of
potential binding regions due to steric hindrancé®® Since this finding,numerous
platforms have been used fmultivalent display oentry inhibitors,including polymers
polyglycerols, cyclodextrins, dendrimeffsillerenes, anchanoparticlego inhibit many
different virusessuch asnfluenza, vesicular stomatitis virus, human immunodeficiency
virus, and Ebola 103

Examples of plymers that have been developed as multivalent viral entry
inhibitors include linear, dendritic, comibranched, and dendrigraft polymgfé10®

Spaltentein and Whitesideghe first todevelopmultivalert entry inhibitors used dinear
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copolymer consisting of sialic acidodified acrylamide and acrylamide derivatives
form influenza entry inhibitor&>* Sialic acid is a cellular receptor for influenza viraad
monovaént sialic acid acts as a competitive inhibitor for hemagglutinin proteins on
influenza Whitesides et al. reported thasplayingmultiple sialic acid residues on a linear
polymer chainmimics the polyvalency of natural host cell recept@sd improve
inhibition.1%* Also, Whitesides et al. proposed two different mechanisms through which
viral inhibition occus. 1) cooperative interactionsvhich occurwhen many sialic acid
moietiesarepresented on the same polymer chain, and 2) steric stabilizaticoin makes

the viral surface physically inacssible to host cell receptors due to theky polymer®4
Whitesides et althenintroducel different side chains the polymerto studythe effects

of various polymer propertieson viral inhibition including size, charge,and
hydrophobicity'® Side chainsthat increasd a polymer's affinity for the viral surface
improvedinhibition due to steric stabilizatiol® Additional propeties, such as polymer
molecular weight, polymer topology, sialic acid distribution, and sialic acid content have
beenfound to bekey paramaters in developing effective viral entry inhibitpes discussed

by Bianculli et al*%’

Although linear polymers are effective viral entry inhibitorsthe toxicity of
poly(acrylamidg-based inhibitorpresers anissue As an alternative to linear polymers,
dendritic polymers have been used as multivalent viral inhibitors becaudsatreahigh
degreeof functionality}°¢1%8 Dendritic polymersencompass wide range of structures,
including spheroidal (dendrimer), linedendron, comdbranched, and dendrigraft
polymers'® Reuter et al. studied the effects of various dendritic structures on influenza

infectionand found that@mb-branched and dendrigraft polymers were the most effective
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inhibitors of influenza'®® Papp et alsynthesizednultivalent inhibitorsfrom dendritic
hyperbranched polyglycerols and polyglycerol nanogels decorated with sialic acid to
evaluate the effects sfze and degree of functionalization viral inhibition. Papp found
that size and sialic acid functionalizatiwere optimal when matcheetothevirus size and
receptormultiplicity. Additionally, largerdendrimerswere found tomprove inhibition
compared to smadl dendrimersFurthermoretoo manysialic acid moietie®n the same
polymer sizedecreasediral inhibition, demonstrating the importanceopitimizingligand
density!®

Host cell receptoralso servastarges for mutivalentinhibitors. DGSIGN, a host
cell receptor, contributes to the transmission of Ebola, HIV, and Dengue virus.
Dendrimeric scaffolds preseng bis-benzylamide were shown to bind EEIGN with
high affinity andinhibit HIV and Dengue virus in infection modéf€ Overall, many
different polymericbased systems have been watlbracterized as viral entry inhibitors
for targeting both virkand host cell receptors.

Gold nanopatrticles (GNPs) haatsobeen explored for viral entry inhimih due
to their ease of characterization and functionalizatl8i®* Using GNPs as a core, peptide
triazoles, a class of entry inhibitors that target HI\by binding the wval glycoprotein
gp120, have been presented in a multivalent fashion. The multivalent presentation of the
peptide triazole, KR13, on GNPs was found to inhibit Hl\ihfectionin vitro. KR13
peptides conjugated on GNR®sre better inhibitors thaklR13 alonedue to their ability to
bridge multiple viral proteindighlighting one of the benefits of multivalent displas.

GNPs of various sizes have been functionalized with sialiectaominated glycerol

dendrons for targeting influenza virus. Papp et al. demonstrated that large(13N#s
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in diametey weremoreeffective inhibitors of influenzéhan2 nm GNPs. SmalleBNPs
havelesssurface areéor interactionswith theviral surfaceyesultingin fewermultivalent
interactions'®

GNPs can be well controlled for size and degree of functionalizatrahtherefore
have beerused tosystematically explore viral entry inhibitor propertiédsing GNPs
decorated with polysulfates to targegsicular stomatitis virus (VSY)onnemann et al.
demonstrated that nanoparticles larger than the virusfdvirus-inhibitor aggregates and
were effective inhibitorsin contrastnanoparticles smaller than the virus diameter were
found to decorate indidual viruses, did not form aggregates, and were ineffective
inhibitors!*®> Many GNP-based systems have beesed toelucidatethe mechanismef
multivalentviral entryinhibition.
3.1.3Novel seHassembling ival entry inhibitor design

Although many multivalent viral entry inhibitors have been desigmesitu self-
assembly has not beesed for viral inhibitionHere, we describeovel GNP-basedviral
entry inhibitorsthat exhibittwo key features: (1)multivalent presentation o& viral
targeting ligand and (2)n situ sel-assembly.After binding the virus inhibitors are
expected talink upd and forma stableficag® around the virusThis selfassemblyis
expected ta@nhance cooperativity and binding affinitytbe entry inhibitors requiring a

lower concentratiomo cover the viral surface aradtenuate viral infectioht®

To test our hypothesis that sasembly improves viral entry inhibition, we used
human immunodeficiency virus tyge(HIV-1) as a model virudHIV -1 displaysmultiple
copies of theviral glycoproteinenvelope orits surface The external subunit anvelope,

gp120,interacts with thenost cell receptor, CD4, and-ceceptor, CXCR4 or CCRS’
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Here, GNPsare conjugated with two coiletbil proteinsiiAo andfiBo, which have been
previously shown to heterodimeriznd drive nanoparticle sedissemblyin Chapter
2./8118119 A targeting ligand for gpl20antigpl20,is fused to coilegtoil fAOG and
displayed on the exterior of modifi€&SNPs Ourviral entry inhibitors are expected vand
HIV -1 with antirgp120and linkup onthevirusin a multivalent and cooperative manter

attenuate viral infection.
3.2Experimental Section

3.2.1 Recombinant protein expression

Recombinanproteinexpressiorwas mwmpletedusing the pgE expression vector
and was previously reported for cysA, Beys, cysB, nA, andseBsgction 2.2.).78:118119
The cysAlgpl20/ector was transformed inEcoli strain SG13009 for expression induced
by i s oPrlthpgalactofyranoside (IPTG). Aftéhe expression of recombinant
proteins, histidindagged recombinant proteins were purified using @NTNA affinity
column. The proteins were then characterized using-BBRSE and MALDI mass
spectrometry on a 5800 MALDI/TOF Mass Spectrometer-@EEX). Circular dichroism
(CD) spectroscopy (Jasco-815 Spectropolarimeter) wasompleted to verify the
secondary structure of the proteid$ie sequence for cysA fused with aqgpl20, or
cysAlgp120, is shown ifigure 12aandsequencesof all otherproteinswere previously
reported (se@able 1.11° Protein structures of cysA and cysAlgp120 were predicted using

the Phyre2 server®

3.2.2Synthesis and characterization of GNPs
The FrensTurkevich metho® was used to synthesize GNPs as previously

described*® (seesection 2.2.2 GNPs witha diameter 000 nm were kindly provided by
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Dr. Li Zhan from Dr. Joh Bischof'slaboratory (University of Minnesota). The GNPs were

characterized using dynamic light scattering (DLS) and\Wi/spectrophotometry.

3.2.3Surface modification of GNPs with proteins

The surface of GNPs was modified with either cysA and cysB (cysB GNPs);
cysA and Bcys (cysBcys GNPs); cysAlgpl20 and cysB (cysAlgpi@®B); or
cysAlgp120 and Bcys (cysAlgplZBcys) through goldhiol reaction. The surface
modification of cysAcysB and cysABcys GNPS is described previousfy(seesection
2.2.3. The cysAlgp12a&ysB GNPs and cysAlgpl2Bcys GNPs were preparsanilarly.
Briefly, the solution of each cysteinated
its noncysteinated heterodimerizing partner (750 d3) t o form het et
(cysAlgpl120/ nB, cysB/ nA, Bcys/ nA). Each sol
with5 md3 TCEP (pH 7. 8) and °C. Ta modify GNR$, the o r 12
solutions of cysB/nA and cysAlgp120/nB or the solutions of Bcysinéd cysAlgp120/nB
were mixed at a 1:1 ratio andenadded dropwise to the GNP suspension at a 1:3 ratio
while stirring, followed by stirring overnight. TheoteinconjugatedsNPs were stored at
4 C until further wuse anldhtscatteriag(OUS)aandd)¥t er i z ¢

Vis spectrophotometry.

3.2.4 Characterization methods fproteinrmodifiedGNPs

GNPs were analyzed using DLS and W6 spectrophotometrySamples were
filtered through a O-2nicron filter, andoarticle sizewas measured using a 90Plus Particle
Size Analyzer (Brookhaven) ahe 90° scattering angle. The average hydrodynamic
diameter was determined using the method of cumylants plydispesity values lower

than 0.08 were considered to be monodispéiseVis spectravere collected from 350 to
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750 nmon a Cary Win 300 UWis spectrophotometer (Agilent Technologies) a

scanning rate 0800 nm mint and a 1 nm resolution.

3.2.5 DeterminingsNP concentration after protein modification

The unmodified GNP concentration was determined using -Vi$v
spectrophotometry as previously reported by Haiss atedr(tosection 2.2.Y.*?! During
protein conjugation, the GNPs were diluted at a ratio of @8 this dilution faar was

used to determine the concentration of GNPs after protein conjugation.

3.2.6 Live/dead assay

U373MAGI-CXCRA4 cells (obtained fromMichael Emerman through the NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIkyere culturedin Dulbeccds
modified Eaglés medium (DMEM,; Cellgro) plus 1% FetalClone IIl (FC3; Hyclone) and
1% penicillin/streptomycin (Invitrogenl mL of MAGI cells at a density of 35,000 cells
mL™* were added to avell of a 24-well plate.24 hoursafter seeding, 2 mL gbroten-
conjugatedGNPs were sterile filtered through a 0.2 um filter into protein-bomding
microcentrifuge tubes (Eppendorf). The GNPs were then centrifatge6krcf for 1 hour,
followed by removingl.7 mL of the supernatanandadding500 or 800 uL of MAG cell
medium The GNPs were then added to MAGI cells at final concentratios36%& 10°
and6.30x 10 particles mL%, respectively, followed by culturing cells for 5 days. After 5
days, cells were stained with ethidilmomodimer and calcein AM (0.1% v/v) for 30 min
washed once with PBS, and imaged in PBS usih§x objective ora Zeiss Axio Observer
inverted fluoresence microscope equipped with 470/525 and 550/650 excitation/emission

filters.
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3.2.7 Production of HIM. pseudotyped particles

Vector viruses were produced via transient transfection of F2BET17 cells as
previously describetf?12®Briefly, 10 mL293T17 cells were seededaatensity of 4x 10°
cells mL! in a 16cm dish. e polyethyleaimine (PEIl) method was used to transfect
DNA:10 &g -MING 4@l as mi d D NIACXCR#tengetppe@lasmiidNA/
(from Dr. Eric Freed, HIV Drug Resistance Program, Frederick National Laboratory for
Cancer Research, Frederick, MD, USand44 pL of 1 mg/mL PElerediluted to a total
volume of 1 mL inserumfree DMEM. 1 mL of plasmid DNA/PEI solution was added to
each 1ecm dish.24 hoursposttransfection the medium wasemoved and replacesith
6.5 mL fresh mediumThe cell culture supernatants were collected hé8rs post
transfection centrifuged at 1000 rpm for 5 minutes, and store@@tC until further use
The collected cell culture supernatants containing the virus are referred to as the virus stock

solutions.

3.2.8 ELISA assay to determine ttmmcentration of HIVL

The concentration of HAM. was determined usingh&LISA assay to quantify
HIV-1 p24 protein(Advanced Biosciences Laboratory, Jndhe p24 concentration
corresponds tehe number of viral particlesvherel ng of p24is equivalento 1 x 10’
viral particlest?* It is important to note that theoncentration determined through this
method is the total concentration of virions, including bofbctiousandnorrinfectious

virions.

3.2.9In vitro infectivity assays
U373MAGI-CXCR4 cells were used for HI infectivity assays, following

previouslyreported method¥2?One daybeforeinfection, ImL of MAGI cells were plated
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at a density of 35,000 cells per mL in a 24 well plate. The cell medium was removed
immediatelybeforeinfection, and virus stdc(100 pL to 500 pL) was diluted to a total
volume of 1 mL with fresh medium and added @ach ofthe wells The medium was
replaced at 24 houpostinfection, and cells were collected at 72 hquostinfection for

flow cytometry.

3.2.10 Preparation of GNPs for infectivity assays

2 mL of proteinconjugatedGNPs were sterile filtered through a 0.2 fiilter into
protein lowbinding microcentrifuge tubes (Eppendorf). The GNPs were then centrifuged
at 5.6krcf for 1 hour, and.T mL of supernatant was removethe concentrated GNPs
werethen mixed withvirus stock at the desired concentrations, incutb&e 30 minutes,
and dilutedto a total volume of 1 mL. This solution was then added to MAGI ,catld
viral infection was evaluated using the previousscribedassay A control experiment

was conducte@ithoutaddingGNPs {.e., only HIV-1 wasadded to MAGI cells

3.2.11 Flow cytometry

After viral infection, cellswere washed in phosphdteffered saline (PBS) and
resuspended in 200 pL of 2% FEBS. Expression of mCherry ar@FP was analyzed
using a BD LSRI flow cytometer (BD Biosciences)sates were selected based on a
forward scatter channel and a side scatter channel with a minimum of 10,000 gated cells
per samplemCherry and eGFWere excited with a 488m laser and a 564m laser,
respectively.The percent infectiomvas determined bylividing cells positive for both
mCherry and eGFP by the total number of adieermined by flow cytometr The relative
infection (%) was determined by dividing the percent of infected cells in the presence of

inhibitors by the percent of HAL infectedcells (without inhibitors).
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3.3 Resultsaand Discussion
3.3.1 Design oproteinrmodifiedGNPs

The design of the nanoparticlesliastrated inFigure 11 A andB proteinswere
previously shown to heterodimerize in the parafigkection through hydrophobic and
electrostatic interaction’$. Fusion ofthe anti-gp120 protein to the A ptein allows for
interactions between the GNPs and viral surface through the viral glycoprotein, gp120. We
previously demonstrated thatmobilizing A and B in antiparallel orientation on the same
nanoparticlepromotesnanoparticle selassembly and immoBbizing A and B in parallel
orientation on the same nanopartipl@motescolloidal stability'!® To investigate the
effects of nanoparticles that target the virus andasgémble along the viral surfatieg
A protein with antigp120 ligand andhe B protein were immobilized in the argarallel
orientationto make seHasembling nanoparticles (denoted as cysAlgpB29s). The
colloidally stable nanoparticlédenoted as cysAlgpl2fysB),with A and B protein irthe

paralleldirection wereevaluatedas a control.

3.32 Design and synthesis of cysAlgp120 protein

To introduce a viral targeting ligand, the agp120 peptide ligand, referred to as
lgp120, was fused to the cysA protein. Lgp120 has previously been reported to bind HIV
1 and competitively inhibit bindingf HIV-1 gp120 to CD42° The sequence of the cysA
protein fused with Igp120 (denoted as cysAlgp120) is shoviigare 12ain whichthe
cysteine residue (used for conjugation) is shown in red, the emieédequence is shown
in blue, and the Igp120 sequence is shown inmgregp120 is located on the-t€rminus,
opposite the cysteine residamdshouldappear on the exterior of GNPs after conjugation.

After protein synthesis and purification, MALIMS and SDSPAGE were used to
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confirm the molecular weight, which was expect® be 10994 Da Figure 120.
Additionally, the predicted theoretical protein structures for cysA and cysAlgp120 are
shown inFigure 12¢?° The addition of a short linker chain and the Igp120 peptide
sequence was not expected to disrupt the caitgldstructure required for nanopatrticle
selfassembly. CD spectroscopy was used to evaluate the secondary structure of
cysAlgp120. The CD speaam (Figure 124l indicates a coiledoil structureasevidenced

by two minima at 208 nm and 222 rfi.All other proteins used in this work were

previously described.’®

3.3.3 Conjugation of cysAlgp120 B8NPs with diameters of 20 and 100 nm

The conjugatiorof proteins was completed as previously described for -8/
GNPs and cysRysA GNPs (sesection 23.3).1'° Three cysteinated coilezbil proteins,
cysAlpgl120, Bceys, and cysBndtwo noncysteinated coiledoil proteins, nA and nB,
were synthesized (s€Eable 1and Figure 12afor sequences). Protein solutions were
preparedwith both a cysteinated and nagsteinated protein partneas previously
described®including cysAlgp120 and nB (cysAlgp120/nB), nA aysB (nA/cysB)and
nA and Bcys (nA/Bcys)These heterodimers were then conjugated t@ &l either 20 or
~100 nm through gold-thiol reaction.The solutions ohA/Bcys and cysAlgp120/nB or
nA/cysB and cysAlgp120/nBere mixed at a 1:1 ratandadded to a GNP suspension at
a 1:3 ratio while stirringLike our previous nanoparticle desigBNPs modified with
cysAlgp120 and Bcys (denoted as cyigil120Bcys GNPs) had the two coilaubils
conjugated on the surface in apérallel orientationand thus would sefissemble)in

comparison,GNPs modified with cysigp120and cysB (denoted as cylgh120cysB
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GNPs) had the two coilecbils on the surface in parallel orientati@nd thus would be

colloidally stable)

Immediately following protein conjugation, Dlv#as used to evaluate the change
in nanoparticle size. THeydrodynamic diameters 20 nm GNPs after protein conjugation
wereapproximately36-37 nm for cysAgpl120Bcys and cyshpl20cysB GNPs {Table
3). The change in hydrodynamic diameter from 20 nm for unmodified GNPs3@ 86
for proteinconjugatedsNPs suggests an approximatel$.8 nm thick corona, consistent
with our previous finding of approximately 7.9 Rifandtheadditional antigp120 peptide
sequence. The polydispersity of tpeoteinrconjugatedGNPs was the same as that of
unmodified GNPs, demonstrating that aggregation did not occur dorirgfter the
conjugation procedure. ThwoteinconjugatedGNPs were also characterized using-UV
Vis spectrophotometry. The maximum SPR peak of theMib/spectra shifted from 518
nm for unmodified GNPs to 524 nm for both cysAlgpBXys and cysAlgpl2@ysB
conjugated GNPdgure 13). The redshift in the SPR peak suggedthatproteinswere

bound to the GNP surfaéé’

For larger GNPs, the average size after protein modificatamn~97 nmTable 3,
with a starting size of ~88 nm. These GNPs wroee disperséhan the 20 nm GNPs for

both unmodified and modified GNPs.

3.34 ProteinmodifiedGNPs are noftoxic to MAGI cells

The cytotoxicity ofproteinconjugatedGNPs was evaluatdoeforecompletingin
vitro infectivity assayscysAlgpl120Bcys (selfassembling) and cysAlgplz2ysB (stable)
GNPs were added 24 hours after seeding MAGI cells, a cell line designed idmo

studies of HIV1 infection1?® After 5 days, the cells were stained with live/dead staining
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andimaged Figure 14. Few deaccells were observed for both cygilil26GBcys and
cysAlgp120cysB. Additionally, the cell morphology was similar between untreated and
nanoparticletreated cells. These results suggest trateinmodified GNPs are at
cytotoxic to MAGI cells after 5 days of expospeensistent with otheeports that indicate

GNPs are biocompatible and roytotoxic.*2% 131

3.35 HIV-1is not inhibited by 20 nm cysAlg120 modified GNPs

Next, HIV-1 viral particles were produced containing HIWL4-3 MIG vector
(which results in a single cycle of infection and expression of mCherry and eGFP in
infected cells) and psdotyped with HI\A1 envelope protein (which contains gp140)
viral infectivity assay$2212*An enzyme linked immunosorbent assay, or ELISA, was used
to determine the total number of viral particles by qiging the amount of p24 protein,
an HIV-1 structural proteif?* It is interesting to note that not all viral particles produced
are infectiousThe ELISA assay determines the total number of viral partiziedoes not
distinguish infectious virions from nenfectious virions. Thereforeinfection was
assessed before cotleping nanoparticle doseesponse curve® determine an optimal

virus concentratiof>15%infected cells determined by flow cytomeétry

To evaluate the inhibitory effects of cysAlgp1B0Oys GNPs (selassembling) and
cysAlg120cysB GNPs (stable) (20 nm @), nanoparticles were incubated with HIV
for 30 minutes and added MAGI cells (Figure 15 After 72 hourspostinfection, the
percent of infected cells was determined using flow cytometry. The percent of infected
cells wa normalized to infected cells not treated with GNPs. Additionally, the inhibitory

effects of cysAlgp12@cys and cysAlgp12@8ysB GNPs were compared to GNiAghout
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lgp120(i.e., cysA-Bcys and cysAcysB GNPSs) to ensure inhibitory effects were due to the

arti-gp120 ligand.

First, the maximunpossibleconcentration oproteinconjugatedsNPsfor in vitro
infectivity assag was determinedA concentration of 7.70 x 1bGNPs mL! cysA-cysB
GNPs (without antgpl20 ligand) inhibited HIV-1 infection by ~37%, while a
concentration of 3.85 x $bGNPs mL! had almost no effect (0.5 mL dfe virus was
added for a concentration of 2.56 x®l@irions mL?). This suggested that high
concentrations gbroteinmodified GNPs inhibit viral infection nosspecificdly, and thus

a maximum concentration of 3.85x*GNPs mL! was used for all future studies.

The inhibitory effects of cysAlgpl2Bcys, cysAlgpl2eysB, cysABcys, and
cysA-cysB were therevaluated Figure 15b. A virus concentration of 2.56 x 1®virions
mL* and GNP concentrations 8f85x 10", 1.92x 10'%, and7.70x 10'° GNPs mL! were
used Proteinmodified GNPswith the antigp120 ligand increased viral infectiamstead
of inhibiting infection. The percent oinfected cellsncreased ~2.1 times and ~2.4 times
for cysAlgp126Bcys GNPs and cysAlgpl2fysB GNPs (3.85 x 16 GNPs ml?),
respectively, as compared to virus infected cells. CBsps and cysAcysB GNPs showed

little to no effect orninfection

3.36 HIV-1 is not inhibited by 100 nm cysAlg120 modified GNPs

Previous reports have shown that larger nanoparticles used for viral inhibition are
more effective inhibitors than smaller nanoparticles. Vonneman et al. demonstrated that
smaller nanoparticlewere week viral inhibitors, while larger nanoparticles resdtin
virus-nanoparticle clusterand were stronger viral infection inhibitat$® Therefore,

proteinrmodified GNPs with a diameter of ~100 nm were examined for their inhibitory
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effects Figure 153. For this assay, nanoparticle concentratioin8.25 x 16, 4.30 x 16,

and 1.65 x 1®particles mL* were evaluated (with a virus concentration of 2.17 % 10
virions mLY). It was observed that cysAlgl-Btys and cysAlgp12@8ysB GNPs did not
inhibit viral infection and had similar infectivity levels to the control GNPs without Igp120
(cysA-Bcys and cysAcysB). Overall, these results showed that 100 nm GNPs with the
antrgp120 peptide were not effective inhibitors of HlVinfection. Additiondl, an
increase innfectionwas not observed for 100 nm cysAlg1&@sB or cysAlgpl2Bcys

GNPs, as was observed for 20 nm GNPs.

3.3.7 Cellular internalization is not responsible fireincrease inHIV-1 infection

20 nm GNPS are known to be readily imalized by cell$32 To evaluate if the
increase ininfection observed inFigure 15bwas due to internalization or specific
interactions between HRAL gp120 and CD4 cell receptotke viral infectivity assay was
completed withcells lacking theHIV -1 receptorCD4. The fibroblast cell line, 3T3, and
human embryonic kidney cell line, HERO3T17 ,which both lack the CD4 receptorvere
used In this assay, 2.17 x 1@iral particles mt* (0.5 mL of virusstock) was used, dn
cysAlgp120cysB and cysAcysB GNPs a&concentration of 3.85 x 1bGNPs mL* were
evaluatedcysAlgp1206cysB GNPsshowed thegreagst increase in infectivitin Figure
15b). Neither 3T3 nor HEKR93T17 cells were infected withrions as determined by flow
cytometry Table 4. Theseresuls suggest that thacrease irviral infection observed with
MAGI cells is cell typespecific and does not occur from nspecific cellular uptake of

nanoparticlebound to virions

Additionally, an increase in viratfectionfor MAGI cellswas not observeith this

experiment as previously observedsection 3.3.5and Figure 15B. Instead a slight
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decrease imfection was observed faysA-cysB GNPsand cysAlgp12&ysB GNPs. In
thesetwo studes the volume of virustock solutiorand the concentration of GNPs were
controlled. However, the concentrations of visteckswere differentthis virus stock had
a much higher concentration of virions than the previous stddwever,the percent
infectionwas similar between cells infected withly thevirus inbothstudieqi.e., without
GNPs) indicating differences in th@ercent ofinfectious virions. This resultedin
differences between the ratio of GNPs to Hi\th each studyTable 5, suggestinghat
the ratio of GNPs to viral particles needs to be optimizedcanttibe a key parametéan

assessing inhibitioof viral infection

3.38 CysAlgp120 peptide inhibits viral infection

The viral infectivity assays witproteinconjugatedsNPs showdlittle to no viral
inhibition. Thereforethe cysAlgp120 peptide (nobnjugatedo GNPs) was evaluatddr
viral inhibition using thein vitro viral infectivity assay EithercysAlgp120 or cysA was
incubated with HIV1 for 30 minutes and addedo MAGI cells. After 72 hourgpost
infection, the cells were analyzed using flow cytometry. The inhibitory effetts
cysAlgp120 and cysA peptides are presentefigure 16 10 0 th® dgsAlgF120
peptide inhibited viral infection to ~70%, while 10030f cysA peptide promoted viral
infection (~126%). These results suggest that the-gmit?0 ligand can inhibit viral
infection However,high concentrations of this peptide are required, which may present

challengesn using this peptide to desigtiral entry inhibitors

3.4 Discussion
This work aimedto develop a new approach to HIVviral inhibition The

molecular design of the GNpsoposed here utilizea GNRbased platfornto display an
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antiviral ligand for HI\V1 multivalently After binding the virusthe inhibitors were
expected tdink up and forma stable cagaround thevirus due to the heterodimerizing
coiled-coils conjugated to the GNPEhe modified GNPsvere expected to exhibit high
affinity binding to gp120 further stabilized by tmesitu self-assemblyplockingthe virus
from entering the celHowever, we obsengethatproteinconjugatedsNPs with the arti
gp120 ligand @l not inhibit viral infection.

One possible reason for this is that HlVvirions havevery few envelope
glycoproteirs (orgpl120 proteipnexpressed on the surface (in the range of 7 entdlope
protein per virug.r®*134 Therefore, there are very few sites in which the -gpfi20
conjugated GNPs could bind. Other viruses, such as influenza virus, have &ngech
number of proteins on their exterior (influenza has ~400 hemagglutinin p)ot&ihs
These viruses may present an easier target to evaluaselffassemblingviral entry
inhibitors. To test thisADA-CM-V4 cells designed to produce HFY virus-like particles
with varyingamounts ofjp120 proteincould be used® Infectious viral particles may be
producel using the ADACM-V4 cells with higher levels of gpl20andthe inhibitory
effects of the selassemblingntry inhibitors could be evaluated

Another possible reason that the viral entry inhibitors designedhergeffective
is the proteinligand usedin these studiesViral inhibition of cysAlgpl120protein was
evaluatedand this protein was found to have a concentration at 50% inhibition {gr IC
greater than 100d3 Different peptide ligands can first be screened for their inhibitory
effects for fuure studis, followed by fusion to thBAo0 protein and conjugation to GNPs.
The following peptide inhibitors have previously been explored for inhibition of-HIV

and could balternative peptidefor conjugation to GNPs:
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1. WMEWDREINNYTSLIHSLIEESQNQQEKNEQELLE?’

2. LLQLTVWGIKQLQARIL 128
3. NNLLRAIEAQQHLLQLTVWGIKQLQARILAVERYLKDQ 138
4. AAAAKILGNQGSFLTKGPSKLAAAA 139

5. SHTTWMEWDREINNYTSLIHSLIEESQNQQEKNEQELL*®

6. HKQPWYDYWLLR#

These peptide inhibitors could replace the-gpti20 ligandand be screened for their
inhibitory effects, as they may be more effective inhibitors of HIthan the arntgp120

reported in this work.

3.5 Conclusions

In summaryproteinconjugatedGNPs were designed to exhibit safsembly and
viral targeting withan antigp120 ligand. Towards this, a coitedil AAO protein was fused
to an antigp120 ligand (cysAlgp120). Both 20 nm and 100 nm GNPs were conjugated
with the heterodimerizing coilecbil proteins, cysAlgp120 and Bcys or cysihichwere
previouslyshavn to exhibit either selassembly or stability, respectively. Additionally,
the proteinconjugatedGNPs were used to inhibit HFY infection; however, the GNPs
showed negligible inhibitianAfter observing this, the inhibitory effects of cysAlgp120
proten wereassessd and shown to require high concentrations to inhibit viral infection.
Overall, using a different virus to evaluate the viral entry inhibitors or incorporattey
targeting peptide ligands in the viral entry inhibitors may be possibleoagipes to

overcome the minimal inhibitory effects observed here.
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Self-assembling protein conjugated GNPs
(cysAlgp120-Beys)
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Figure 11. Design ofviral entry inhibitors The sefassembling cysAlgp12Bcys GNPs

are shown on the left, and the colloidally stable cysAlgdy¥B GNPs are shown on the

right. The antigp120 ligand is shown in red, the cysA protein is shown in blue, arigt the

related proteins are shown in greetV-1 image modified from Hedestam et'4.
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Figurel2 Structure and chacterization of cysAlgp12Qia) The sequence of cysAlgpl120
protein. (b) The predicted theoretical protein structures of cysAlgp120 and'¥Ehe
coiled-coil is shown as &elix in these structures. (c) MALEMS data for cysAlgp120 to
confirm the molecular weight. The inset is SBAGE results confirming the molecular
weight. (d) CD spectroscopy of cysAlgp120 protein to confirm the caibédstructure is

not disrupted after fusn of the antigp120 protein.

54



Table3. DLS of modified and unmodified GNPBynamic light scattering results of 20
nm and 100 nm GNPs before and after modification with proteins. The size and

polydispersity are reportdtere.

Dynamic Light Scattering

20 nm unmodified GNPs 100 nm unmodified GNPs
Size (nm) Polydispersity Size (nm) Polydispersity
Unmodified GNPs 20.8 0.008 88.8 0.227
cysAlgpl120-Beys 37.2 0.070 93.6 0.215
cysA-Bceys 37.6 0.044 92.8 0.235
cysAlgpl120-cysB 36.4 0.029 107.7 0.240
cysA-cysB 34.6 0.054 93.5 0.250
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(a)20 unmodified GNPs (b)20 cysAlgp120-Bcys GNPs (), cysAlgp120-cysB GNPs
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Figure13. UV-vis spectra before and after conjugation of GNPs. The maximum surface
plasmon resonance peak is labeled for each spectrununimadified GNPs have an SPR

peak at 518 nm while the SPR peak for cysAlgpB29s and cysAlgp12@8ysB GNPs are

shifted t0524 nm.
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cysAlgp120-Bcys GNPs cysAlgp120-Becys GNPs
7.35 x 10'° GNPs mL"! 7.35x10' GNPs'm

r—
500 ym

cysAlgp120-cysB GNPs
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No GNPs (cells only)

Figure 14. Cytotoxicity of proteinconjugated GNPs. Live/dead assay qfrotein
conjugatedsNPs incubated with MAGI cells. Live cells are shown in green and dead cells

are shown in red. The scale bar is 500 um.
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Figure 15. Inhibition of viral infection usingproteinconjugatedGNPs. (a)in vitro viral
infection assay use@NPs and HIV are preincubated for 30 minutes and added to MAGI
cells. After 72 hours, flow cytometry is used to analyze the percent of infected cells. (HIV
1 image modified from Hedestast all*?) (b) Inhibition of viral infection with 20 nm
proteinconjugatedsNPs. (c) Inhibition of viral infection with 100 nproteinconjugated
GNPs Relative infection (%) is determined by dividing the percent of cells infected after
adding GNPS and HIL by the percent of cells infected after adding only HIVhe

error bars represent standard deviation, n=3.
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Table4. Inhibition of HIV-1 infection with differentcell types.Relative infection (%) is
determined by dividing the percent of cells infected after adding GNPs and HjMhe

percent of cells infected after adding only HIV Results are reporteds average *

standard deviation, r2=

RELATIVE INFECTION (%)

MAGI 293T17 373
cysAlgp120-cysB GNPs 93.0£9.4 0.0+£0.0 0.0+0.0
cysA-cysB GNPs 88.9+6.4 0.0+0.0 0.1+0.1
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Table5. Variation in viral inhibition studiesThe concentration of GNPs and volume of
virus were controlled in these experimental replicates; howdwelryital stocksn each
replicatehad different concentrations and amounts of infectious viral particles tiregut

differences in the ratio of GNPs to H}. Results areeported as average + standard

deviation.
Replicate 1 Replicate 2
Ratio of GNPs:HIV-1 1504 177
% Infection with cysAlgp120-cysB GNPs 218.1+10.0% 93.0+£9.4%
% Infection with cysA-cysB GNPs 107.3+0.6% 88.9+6.4%
Virus only 100.0+4.8% | 100.0£12.2%
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Figure16. Inhibition of viral infection with free (unconjugatedysAlgp120 Inhibition of

viral infection with different concentrations of cysAlgpl20 (black) and cysA (red)

peptidesRelative infection (%) is determined by dividing the percent of cells infected after

adding peptides and HFY by the percent of cells infectedaftadding only HIV1. The

error bars represent standard deviation, n=3.
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Chapter 4:Gold nanoparticle immun&abeling of HIV-1 and HTLV-1 virus-like

particles
Synopsis
Envelope glycoproteins, or Engf human immunodeficiency virdype 1 (HIV-

1) and human Tell leukemia virugype 1 (HTLV-1), areessentiafor viral entry into host
cells and potentialtarges for both vaccinedevelopmentind new antiviral therapeutics.
The native distributions and sthiometries of Env on HIM and HTL\:1 virions have
not been explored extensively. As an approach to characterize Env glycoprotgoits, a
nanoparticleimmundabeling strategywas used followed by imaging with electron
microscopy. In this work, HIM viruslike particles and HTLVL viruslike particles were
used to optimize the nanopatrticle labeling strategy. Ultimatetyaimedto elucidate the

distribution andquantify Env on both HIVL and HTL\A1.

4.1 Introduction

According to the Joint United NationsProgram for HIV/Acquired
Immunodeficiency Syndrome (UNAIDS), human immunodeficieneyus (HIV)
continues to be aevere public health challenge, with approximatel@ illion people
worldwide living with HIV and an estimated 7Lmillion newly infected individuals in
2019.1%3 Although great stdes have been made elucidatethe physical and molecular
structures of the virus and in therapy development, new infections among adults globally
have not decreased significantf§f Vaccines are one ohé most promising methods
reduce the number ofew infections*® The HIV-1 envelope glycoprotein, or Env, serves
as the primary target for vao@ development as it is the viral target for neutralizing

antibody attack'*14’Understanding the structure and function, as well as the distribution
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and quantity of Env on the viral surface, is critical to the development of new therapeutic
targets and effective vaccin&.

The primary function of HIVL Env is cell entry. HIVL Env is essential for the
virus replication cycle as it mediates attachment to hostree#iptors and ececeptors.
After receptor and coeceptor binding, a conformational change ocaesulting in fusion
between the virus and host céftf Env is synthesized first as a polyprotein precursor,
known as gpl60 in the endoplasmeticulum. This polyprotein is cleaved by cédiu
proteases into a transmembrane glycoprotein, gp4l, and a surface glycoprotein, gp120
Gp120 and gp4l remain associated via-oowvalent interactions to form gp120/gp4l
complexes, which arerafficked to the plasma membramad either incorporated in
budding virions or recycled back into the cEf:#’ Three copies ofgp120/gp4lare
incorporatedas a trimerinto budding virionsto form the protein known as En¥nv
initiates the infection process in whigpl20 interacts with cell receptors and gp4l
mediates fusion with host ceft The structursof gp120 and gp4tn HIV-1 have been
well explored, and the mechanisms Emsesto traffic to the cell surface have been
studied*®¥1%> However,many aspects of Env are unknovauch as howHIV-1 Envis
incorporatednto nascent virion$>* Additionally, the native distribution of Env on H¥
has not beetbroadly explored and the distribution and quantification of Env ldiv -1
produced from different cell typdms not been evaluatétf Because /-1 Env & critical
for viral entry and is a target for vaccine development, studying the native Env distribution
on HIV-1is of interest

Human TFcell leukemia virus type 1 (HTLAZ), which also has Englycoproteins

and isa member of the retrovirus family, is ¢wn to cause adult-€ell leukemia and
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HTLV-1 associated myelopathy (or tropical spastic paraparésspproximately 5 to 20
million people are infected with HTL\, and dout5% of those cases develop adult T
cell leukemiat®> HTLV-1 enters cells through interactions between Env and host cell
receptors, with CB+ T-cells being the primary target céil vivo.'®® For efficient entry of
HTLV-1 into T-cells, hepan sulfate proteoglycans (HSPGs) are requiréd
Additionally, theglucoseransporter type 1 (GLUT) and VEGFL165 receptor Neuropilin

1 (NRR1) are necessaryor viral entry.However HTLV -1 preferentially infects new cells
through direct celto-cell transmission, as opposedcell-freeviral infection(i.e., viruses

are released from cells into the surrounding fluid and then move to infect the n&, cell
which poses a significant challenge to HTHl\tesearch>®

In HTLV-1 infection, Env is synthesized as a precursor protein, gp62, which is then
cleaved into the gp46 and gp21 subunits. The gp21 subunit is the transmembrane unit,
while gp46 is the surface subutit While a crystal structure for gp21 has been solved, the
structure of gp46 is still unknown. Also, the native disttion of gp46 on the viral surface
has not been explored for HTEV!®° Characterizing the structure and distribution of gp46
may benefit vaccine development,gmet6 is a potential vaccine candidate for HFLY!

This chapter presentan approach to characterizbe distribution of Env
glycoproteins on both HIM and HTLMW1 using a gold nanoparticle(GNP)-based
immunolabeling strategy. Ultimately, ts work intended to develop a gold
immunolabelingstrategyas a robusand facilemethod to study Env distribution, which
could further be usetb understandhe digribution of Env on both HIVL and HTL\A1.

Completng these studiesvould broaden our understanding of the distribution, location
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andquantity of gpl120and gp46on HIV-1 and HTL\A1, respectively, whicltould have
implications indevelopingantiretroviral therapies and vaccine development.
4.2 Experimental Section
4.2.1 Materials
The antiHIV-1 gp120 monoclonal antibody, 2G12, was obtained from the NIH
AIDS reagent database (Cat# 147606 Colloidal Godl-AffiniPure Goat AnttHuman
IgG (EM grade)and 6-nm Colloidal GoldAffiniPure Donkey AntiMouse IgG (EM
Grade) vere purchased from Jackson ImmunoResearch.-AmtLV-1 gp46 Antibody
((65/6C2.2.34): s&7865) was purchased from Santa CBiatechnology All plasmids
and HEK293T17 cellsnver e obt ained from Dr. Loui s Man

Minnesota.

4.2.2 Production of HIM. VLPs

HEK-293T17 <cells were maintained in Dul!l
(DMEM,; Cellgro) plus 10% FetalClone 11l (FC3; Hpme) and 1% penicillin/streptomycin
(PensStrep; Invitrogen). Virus-like particles YLPs) were produced via transient
transfectionof HEK2 93 T17 <cel |l s using Gendet foll owin
Briefly, 10 mL 293T17 cells were seededaatensty of 9x1® cells/mL in a 16cm dish.
24 hours after cell seeding, the medium was changed and replaced with 5 mL of medium
one houreforetransfection. For each i@ dish, 15 pL of GenJet was added to 235 uL
of serumfree medium, and 4 pg of HXY Gag pasmid and 0.4 pug codeoptimized HIV-
1 Env plasmid were added to a final volume of 250 pL per plate. The GenJet and plasmid
DNA solutions were mixed and added to the cells. After 24 hposstransfection, the

supernatant was collected, centrifuged &QL&m for 5 minutes, and filtered using a 0.22
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um filter. The VLPs were then centrifuged over an Optiprep gradient using high speed

ultracentrifugation, as previously descrildé8.

4.2.3Production of ADACM-V4 VLPs

ADA-CM-V4 cells were provided by Michael B. Zwick (Scripps Institute) and
maintained in DMEM with 10% FC3, 1% P&trep, and 2 ug/mL puromycin. VLPs were
produced via transient transfection of ABIM-V4 cells using GenJet andu of HIV-1
Gag plasmid as described above. These VLPs (denoted-9&R&) were purified using

the same method as described above.

4.2.4 Production of HTLM VLPs
HTLV-1 VLPs were produced via GenJet transfection of 293T cells as described
above with al0:1 (m/m) ratio of HTLV-1 Env: HTLV-1 Gag plasmid DNA and purified

as described above.

4.25 Gold immunéabeling ofvirus-like particles

Gold immundabeling was completed following reported meth4tdgriefly, TEM
grids (TedPella, Carbon Type B, 300 mesh) were glow dischargddofi VLPs diluted
in PBS were added to the TEM grid and incubated for 5 minthesexcesssolution was
then removed using filter paper. A 20 yL dropletifii -Q waterwasadded to a piece of
Parafilm. The TEM grid was placed on the droplet of water face down. In a humidified
chamber, a 20 uL droplet of blocking buff@® mL PBS, pH 7.4 (Hyclong)0 0 € L Tween
20 (Sigma Aldrich)and 1 mL 30% bovine serum albumin (BSA, 1gG figgmaAldrich)]
was added to a piece of Parafilm. The EM grid was transferred to this droplet face down
and incubated for 15 minutes. A 20 pL droplet of primary antibody (eithetHtl

gpl20 orantFHTLV -1 gp46 antibodies) prepared in blocking buffer was then addbe t
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humidified chamber, and the EM gridasincubated on this droplet for-2 hours.The
excess liquid was then removed, gahdEM grid waswashed by placing on a droplet of
washing buffe{100 mL PBS, pH 7.4 (Hycloneg) 00 €L Tween 2)0and Si g ma
100 pL 30% bovine serum albumin (BSA, IgG freéasigma Aldrich)]. The gid was
incubatedfor 3 minutesand the excess liquid was then remadyehlis stepwas repeated

a total of five timesNext, the EM grid was added to a droplet of secondary antipod
prepared in blocking buffer for 1 ho(either 1:20v/v dilution in blocking bufferof 6-nm
colloidal gold AffiniPure Goat AntHuman IgG or 1:2@/v dilution in blocking bufferof

6-nm colloidal gold AffiniPure Donkey AniMouse 1gGQ. The EM grid waswashedthree

times inMilli -Q water as described above. Lastly, negative stain (either 2% uranyl acetate
or 2% uranyl formate)wasadded to the EM grid for 45 secondsdthe excess negative

stain was removed using filter paper. The EM grakthen allowed to dry for 2 minutes

beforestorage.

4.2 6 Transmission electron microscopy (TEM)

VLPs (without immunolabelingjvere prepared by dropping 3 uL of VLPs onto a
EM grid (carbon type B, 300 mesh grid; TedPella), followed by negative staining %
uranyl acetater uranyl formate. To negative stamsample vaswashed in uranyl acetate
or uranyl formate twicegfollowed by incubating the EM grid in uranyl acetate or formate
for 45 to 120 seconds. The EM gnehs further dried for 12 hoursTEM images were
collected on a Tecnai T12 instrument operated at 80kV or an FEI Teér&@0Gield

Emission GurCryo-TEM.
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4.3 Results

4.3.1Gold immunolabeling strategio quantify gp120 and gp46

We proposed gold immunolabeling as a methoduantify the number of gp120
and gp46 proteins on the surfacef HIV-1 and HTLW1, respectively The gold
immunolabelingstrategy Figure 17 first involved labeling with a primary antibody that
targets Env protein (either gpd®n HIV-1 or gp46 on HTLV1). Next, aGNP-conjugated
secondary antibodwas introduced. The immunolabeled samplese thenimagedusing
TEM, asGNPsarereadily visualized due to their higblectron density®* The goal was
first to validate the gold immunolabeling strategy using HIMrus-like particles YLPs)

with varying amounts of Env, followed by structural evaluations of-Hi&hd HTL\ 1.

4.32 HIV-1 Envon V4VLPscan be visualizedith and withouimmunolabeling

HIV-1 VLPs with varying amounts of Env were firstadeto validate the gold
immunolabeling methadrhe ADA-CM-V4 cell linewas usedd produce VLPs with high
levels of Env(denoted as VA/LPs), while the 293T cell line was used to produce VLPs
with low levels of Env*3*® The V4VLPs are reported to haan average aipproximately
127 Env trimers per VLP (as determinieg TEM), while HIV-1 VLPs from 293T cells

have an averagef roughly2 Env trimers per VLP?®

As acontrol we followed the methods of Stano et al. to determine the number of
Env proteinswithout immunolabeling3® The V4VLPs were negatively stained with 2%
uranyl acetate anonaged umg TEM, as shown irFigure 18 From these images, the
presence of Env can loirectly visualized using negative stainidge to the high number

of Env proteins present. However, quantification from these images proved ddfieitd
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the collapsed structure of the VLPs, whitkquently occurs due @rying of the EM grid

or different ionic concentratiori§>166

The V4VLPs were then gold immunolabeled for Enkigure 19. Gold
immunolabeling was completed using different primary antibody (2G12) dilutions,
including 1:100 and 1:1000 dilutienn blocking buffer(v/v) and a secondary antibody
dilution of 1:20 inblocking buffer(v/v). A dense coating dBNPswasobserved on the
suface ofsomeVLPs, consistent with the unlabeled VLPs and previous restutt&inga
high level of Env on the VLP surfaé& However, some VLPs did not exhibit a uniform
coverage of GNP$&NPs weraot observed on tHeckground of th&M grid and without
primary antibody, no GNPs were observed on the VIHRgu(e 19¢ suggesting specific
labeling of Env.Theaverage number of Ermper VLP was found to be 1445 (theGNPs
were manuallycountedon VLPs that exhibited uniform immunolabeljramdthe resulting
number wagioubled to acaant for both faces of the VLPsJhis number wasonsistent

with the127+31 Env per VLP previously reported®

4.33 Gold immunolabeling of HAL VLPsis not robust

The number of Env proteins on VLPs produced from 293T cella4 Env per
VLP) is more similar to native HIV(~7-14) as compared to the WALPs
(127+£31) 133.135.136.167E 0y this reason, VLPs produced from 293T cells were also gold
immunolabeledThe HIV-1 VLPs were immunolabeled with varying concentratiofthe
2G12 primay antibody, including dilutions of 1:10, 1:1q0/v in blocking buffer) and
without primary antibody A corresponding secondary antibody dilution of 1:2 (n
blocking buffe) was used for all condition3 he immunolabeled HIAL VLPs are shown

in Figure 20 For the 1:10 2G12 dilutiomo immundabeling ofEnv was observed on the
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HIV-1 VLPs (Figure 20 The 1:100 2G12 dilution showaakry few GNPs onVLPs;
however mostVLPs did not have immuntabeledEnv (Figure 20B. Additionally, no
immunolabeling was observed withotlte primary antibody(Figure 20¢. These data
indicated that the immunolated) of HIV-1 VLPs was not robustyhich maybe due to
the low number of Env proteins on HIVVLPs produced from 293T cellslore work

needs to be completed aptimize the immunolabeling procedure

4.34 Gold immunolabeling of HTL\X VLPsis not robust

HTLV-1 or HTLV-1 VLPs have not been previously examined for the quantity and
distribution of Env. Here, HTLM. VLPs were gold immunolabeled using a primary
antibody targeting gp46 with dilutions tslocking buffer (v/v) of 1:10 and 1:50 and a
correspondingsNPsecondary antibody concentration of 1:24 {n blocking buffe). The
immunolabeled HTLVL VLPs areshown inFigure 21 EM images atboth primary
antibody concentratiadid not show evidence of specific immunolabeling=oiv on the

VLPs, similar to the results observed for HIMVLPS.

4.4 Discussion

The goal of this work was to quantify Env on HIVand HTL\t1 using agold
immunolabeling strategyrhequantification and distribution of Env glycoprotein on HIV
1 virions have previously been studied using fnggolution 3D cryeelectron
tomography->*1¢” However, this technique requires specialized equipmeherefore,
gold immunolabeling labeling was used because it is a more facile method as GNPs are
readily visualized through TEM at lower resolutions. Gold immunolabeling was expected
to allow higher throughput analyses to explore the glycoproteinkdistsins on HIV-1 and

HTLV-1.
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To validate the gold immunolabeling strate@y Ps with varying numbers of Env
were immunolabeledV4-VLPs, which exhibit a high number of Env, weamenable to
immunolabeihg, and the number &nv per VLPwasconsistent witlpreviously reported
values!*® However, HI\V1 VLPs and HTLV1 VLPs produced from 293T cellsddnot
show specific immunolabeling. This suggests that the number of Env trimers per VLP may
be too low to observe consistent labelingincorporation of Env in VLPs may be non
homogenousThese results suggest thhégold immunolabeling procedummay need to

be optimizedwhichis further discussed.

Optimization of the immunolabeling procedure nimeynecessary to quantify Env
onHIV-1 and HTL\A1. As an alternative to electron microscopy, future work should first
use fluoescence microscopy. Fluorescence microscopy offers a faster imaging method to
screen different parameters for immunolabelingitdsasa wider field of view during
imaging.Fluorescently conjugateskecondaryantibodiesare commerciallyavailable, and
VLPs with fluorescently labeled Gag have previously bedeveloped®21°8
Colocalization events of the fluorescently labeled antibody and VLP would allagil@
method to screen antibodies and antibody concentratdth®ugh thefluorescentbased
system would not be quantitative, this apptoawould show whether VLPs are
immundabeledand the corresponding percentage of labeled VLRis. wouldbe a better
method tooptimize the parameters of immunolabeliag gold immunolabeling and

imaging with TEMaremore costly and timeonsuming.

An alternative to gold immunolabelinfigr determiningthe quantities of Env on
HIV-1 and HTL\A1 virions is to usdiigh-resolution imaging methods. Previous studies

with HIV-1 virions have been completedusing high-resoluton 3D cryceelectron
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tomography.Cryo-reconstructions of HIML and simian immunodeficiency virus (SIV)
were conduded to show the distribution anduantify Env'33167 Additionally, high-
resolutionfluorescencamaging such as stimulated emission depletion supsolution
fluorescence microscopy (SSTHELS) is another approach tguantify Env and
determine Env distribution ovirions.1*®1"%Previous work byChojnackiet al. determined
the distribution of Enwn budding virionsand quantified the number of Env on HIV 7
Access to highresoluton imaging instrumentation is limited, boéverthelessthese are

promising methods to quantify Env on HiVand HTL\A1.

4.5 Conclusions

Overall, ths work aimedo quantify Env on HIV1 and HTLV-1 and characterize
its distributionusing aGNPimmunolabeling strategy. In this wo4-VLPs, which have
high levels of Env, were robustlfnmundabeled.Additionally, the number of GNPs on
the surface of the V¥LPs were consistent with the quantity of Env previously reported.
On the other handillV-1 and HTL\:1 VLPs had no specific immuniabeling events,
which may be due to tHew quantity of Env on the viral surfacThese findingendicate
that gold immunolabeling has potential but may require further optimization for

biologically relevant viral articleswith low levels of Env protein.
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Figure1l7. Scheme for nanoparticle immunolabeling strategy. VLPs are first deposited on
an EM grid, followed by blocking with a blocking buffer, incubating with primary and
secondaryantibodes and negative staining. Inset shows gold immunolabelled VLP. The
grids were then imaged using TEMIhis image was dapted fromfiNegativeStain
Transmission Electron Microscopyby BioRender.com 2021). Retrieved from

https://app.biorender.com/biorenedemplates
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Figure 18. Negative staining of V4/LPs. The negatively stained WALPs allow fol

visualization ofEnv. The less electron dense regions (white regions) on each VLP ¢

protein.Scale bar is 100 nm.
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Fre 19. Gold immunolabeled VA/LPs. V4-Ls iunolabeled with (a) 1:1
and (c) 1:1000 primary antibody dilutions Iloocking buffer Higher magnificatio
images of gold immunolabeled WALPs with (b) 1:100 and (d) 1:1000 prim.
antibaly. Red arrowsare used to highlight the GNPs. (e)-V&Ps immunolabele

without primary antibody (negative control). Scale bar is 100 nm.
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Figure 20. Gold immunolabeled HIM. VLPs produced from 293T cells. VLPs
immunolabeled wh (a) 1:10 and (b) 1:100 primary antibody dilution®locking buffer

(c) VLPs immunolabeled without primary antibody (negative control). Scale bar is 100 nm.
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(b)

Figure 21 Gold immunolabeled HTLML VLPs produced from 293T csllVLPs were

immunolabeled with (a) 1:50 and (b) 1:10 primary antibody dilutiordanking buffer

Scale bar is 200 nm.
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Chapter 5. A novel biodegradable and implantable elastomer

This work is from the followingAllison Siehr, Craig FloryTrenton Callaway, Robert
Schumacher, Ronald A. Siegel, and Wei Sii&movel biodegradable and implantable

elastomen (2021),in submission.

Synopsis

Biodegradable and implantable materials having elastomeric properties are highly
desirable for many bioedical applications. Here we report that poly(lactidep o | -y ( b
methyti-valerolactonexo-poly(lactide) (PLAP b MU -RLA), a thermoplastic triblock
p o | -gste)) has combined favorable properties of elasticity, biodegradability, and
biocompatibility. Ths material exhibits excellent elastomeric properties in both dry and
agueousenvironments Elongation at break is approximately 1000% and stretched
specimens completely recover to their original shape after force is removed. The material
is degradable bhin vitro andin vivo; it degrades more slowly than poly(glycerol sebacate)
and more rapidly than poly(caprolactone)vivo. Both the polymer and its degradation
product show high cytocompatibiliiy vitro. Histopathology analysis of PR b MU -V L
PLA spedmens implanted in the gluteal muscle of rats for 1, 4, and 8 weeks revealed
similar tissue responses as compared with poly(glycerol sebacate) and poly(caprolactone)
controls, two widely accepted implantable polymers, suggesting thatPhA U -PLA
has fawrablein vivobiocompatibility as an implantable material. The thermoplastic nature
allows this elastomer to be readily processed, as demonstrated by facile fabrication of
substrates with topographical cues to enhance muscle cell alignment. These properties
collectively make this polymer potentially highly valuable for applications ssichealical

devices and tissue engineering scaffolds.
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5.1Introduction

Biodegradable and implantable materials having elastomeric properties are highly
desirable for many biomedical applications such as medical devices, tissue engineering
scaffolds, and dig delivery device$’?17* Biocompatible and biodegradable polyesters,
such agolycaprolactone (PCL), polylactic acid (PLA), polyglycolic acid (PGA), and their
copolymers, have been used in many Fagproved implantable devic&g:173177
However,these materials are stiff and relastomerid*’#1*T hey have hi gh
moduli (PCL:0.150.33 GPa; PLA: 1.2.4 GPa; PGA: 14 GPa; PLGA: 1.2.8 GPa)"?
and small yield strains (PCL: 24 PLA: 1.84.0%; PLGA: 0.42%),189183 heyond which
the materials do not recover from deformation. Elongation at break values are low for PLA
(2-6%), PGA (1525%), and PLGA (3.0%)1"1189The mechanical properties of these
polyesters are not ideal for applications in which materials interface with soft tissues, which
have elastic moduli on the order @fL kPa to 1 MP&*85and particularly with those
subjected to large and dynamic strains. Mechanical mismiaétiveen tissue and an
adjacent implant could greatly affect pasiplantation healing and remodeling processes,
possibly leading to failure of the implatit:’118-1880ft andelastomeric materials that can
be easily stretched with a large, recoverable strain are highly desirable to address this

prob|em183,186,183190

Poly(glycerol sebacate) (PGS) and poly(diol citrate) (PDC) are two of the most
widely reported materialsaving collective properties @lasticity, biodegradability, and
biocompatibility!’*1%? However, PGS and PDC are both thermosetting polyesters
syrthesized through polycondensation anating by the reaction between carboxyl and

hydroxyl groups, which is typically conducted at a relatively high temperature under
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vacuum foran extended period of tiné'188.1%The thermosetting nature of PGS and PDC
imposes limitations on material processing; the harsh synthesis conditions make it
challenging to incorporate bioactive molecules required for certain applichtfdgfsi®

In addition, it has been reported that P@Eh low modulus exhibits cytotoxicity®*
Finally, materials synthesizday different authors under similar conditions do not have

consistent properties, suggesting that such processes offer poor synthetic'&ontrol.

Elastinbased elastomers are also bioddglde, and they have been studied for
various biomedical applicatio8? 1% 2These elastomers are prepatag chemically
crosslinking animadterived soluble elastin, recombinant human tropoelastin, or elastin
like polypeptides. Therefore, elastiased elastomers are also thermosetting materials.
These proteifbased elastomers are expensive to produce. Iti@idivhen proteirbased
materials are used as implantable materials, they generally raise concerns of

immunogenicity, which needs to be carefully addres&ed.

Thermoplastic polymers potentially have advantages over thermosetting polymers
in allowing more facile material processing and better synthetic cdftand therefore
thermoplastic elastomers that can be used as implantable materials are highly attractive. It
has been reported that randoapolymerization of caprolactone with glycolic acid or lactic
acid yields elastomers, in which chain entanglements possibly serve as physical
crosslinkst’1:299202 However, random copolymers typically have poorly controlled
molecular structures and broad molar mass distributf§riEhermoplastic multiblock
poly(esterurethane)s composed of PLLA and PCL blocks have also been reported to be
elastomers®’ However, these materials have® Youngad

much stiffer than soft tissué¥"18>
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Thermoplastic  poly(lactidedo-p o | -snthyti-valerolactonexo-poly(lactide)
(PLA-P b MU -PLA) triblock polyesters exhibit elastomeric properfs.These
materials are highly stretchable and recover nearly completely after force is removed. The
el astomeric properties are provided by the
has a low glas transition temperature5(1 °C). The PLA endblocks form physical
junctions and provide mechanical strength and modulus. These polymers can be
synthesized using wetlontrolled ringopening transesterification polymerization, which
allows molecular archgcture, molar mass, and composition of triblock polymers to be well
controlled and easily tunéd*2% This further allowscontrollable and tunable material
properties, including mechanigatoperties and polymer degradation r&fés$n addition,
PLA-P b M -RLUA polymers can be synthesized through an economically viable?f8ute,
and thér thermoplastic nature makes these polymers easily proces&able.

However, it has never been reported whether LB M U -PLLA polymersare
suitable for biomedical applications, particularly as implantable materials. We
hypothesized that these polyedbased materials would retain elastomerigperties in an
agueous environment and exhibit biocompatibility comparable to that of PGS and PCL. In
this study, we examined the elastomeric properties of aPIbAM U -PLLA polymer that
has a Youngdés modul us of appr odkionmmWeasby 1 M
examined degradation and biocompatibility of this matenavitro and in vivo. To
demonstrate the ease of material processing, we fabricated cell culture substrates with

topographical cues and examined muscle cell alignment on theseatags
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5.2 Experimental Section

5.21 Synthesis di-methyti-valerolactone

b-methyti-v al er ol act one (bMOVL) -methytl,5synt he
pentanediol as previously report€f. Briefly, 3-methyt1,5-pentanediol (1 L; TCI
America) and copper chromite (508igma Aldrich) were added to a 2L tweck, round
bottomed flask. The flask was fitted with a thermometer adapter in one neck and-a Dean
Stark apparatus coupled to a condenser in the other neck. The condenser was connected
with a bubbler filled withsit one oi | . The p &Gwhilewtarsg, énd at e d

the reaction was continued for BOurs

After cooling, the product was purified via four fractional distillations under
reduced pressure; during each distillation, the initial distillate cellieat 38°C-54 °C and
53.3 Pa (approximately 5%) was discarded,
°C and 53.3 Pa. The first fractional distillation was performed for the crude product over
copper chromite. To further remove a minor impurityndthyt3,4,5,6tetrahydre2H-
pyran2-ol (which could be detected at 5.3 ppmiH NMR spectrum), phosphorus
pentoxide (5 g, Sigma Aldrich) was added to the product collected in the first distillation
and stirred at 120 °C for bursto dehydrate the impurity, followed by a second fractional
distillation. To thoroughly r enmevalciumat er |,
hydride for 2 days, followed by another fractional distillation; this drying step was repeated
twice.'TH NMR was used to confHr MmMRi ghi pusi fgr o
(500 MHz, CDC4, 25AC) : U -@H-@HJ) (T @.-CHp-CHI1;Q 66 {1 CO
CH2-CH(CHs) T ) ; 2 . -CH-CH(CH;C D) ; 2 . -CH-CH(CHC D) ; 1.95

(T CH§-CHb-CHy-) ; 1. 543)-CH>CHII) CH 1. 0 83)-CH2CHQRCT) .
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5.2.2 Synthesis and purification of pdiwhethyit-valerolactone)

Poly(b-methytt-v al er ol act one) (PbMUVL) virees synt
rng-openi ng pol y me ratropratemperaturecas preflyiddisiyeporteohll
the reagents and glassware were dried thoroughly prior to use, and the reaction was set up
in a glove boxwithiner t at mosphere. The monomer- bMUVL
benzenedimethanol (BDM, Acros Organics, 138 mg) were added to a pressure vessel and
stirred until BDM was completely dissolved, followed by addition of the catalyst diphenyl
phosphate (DPP, &na Aldrich) at a monomer:catalyst molar ratio of 400:1. The amount
of BDM added in the reaction mixture was determined from the desired molar mass of 100
kDa for PBMUVL and an assumption of 85% co
and polymerizationwas continued for 2Cthours at room temperature, followed by
guenching with triethylamine (Macron Fine Chemicals) at a triethylamine:catabjar
ratioof 5:1.To puri fy PbBMUVL, the reaction mixtur
and the solution wasdded in cold methanol dropwise while stirring to precipitate the
polymer, followed by drying the polymer under vacuum for H&@urs Success of
polymerization and polymer purity were verified#yNMR. The percentage of monomer
conversion was determinetbi the'H NMR spectrum of unpurified product according

to the following equation:

zpmmb wé £ 0'QI | EGaton?

i n which the PbBMOVL peak at 4.12 ppm corre
CH2-CHal ) and the bMOVL peaks at 4. 40 ppm an
met hyl ene protons ad] ac-EBHCH X &Bize tekchisionre st er

chromatogaphy coupled with muHlangle laser light scattering (SEMALLS) was used
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to determine mol ar mdks sNMR sshyinftthse sfiozre dP bBPMUM
CDChk, 25AC) : U -@HxQH) (1T @. 3CH-QHICE&PT ); 2-CHB (71 CO
CH(CHs) T ) ; 2 . HCH(CH{)-CHzIlt 1.70 { CH (L HHGICHa); 1.53
(T CH§-CHH-CH) ; 0. 9GBH(QHH)-CH#).3C NMR shifts for PbH
MHz, CDCk, 25A C) : U -CHxCD-08§; $2.30 (CHo-CH2-O-); 41.50 ¢CH(CHg)-
CH2-CO-); 35.11 (CHp-CHp-CH(CHg)-); 27.42 (CH-CH(CHs)-CHy-); 19.51 (CH,-

CH(CHs3)-CH>-).

5.2.3 Synthesis of PR b M G-RUA

PLA-P b MU -PUA was synthesized by extending tbéunctional telechelic
P b MU fhaving one hydroxyl group on each end and serving as a macroinitiator) through
ring-opening polymerization of lactide as previously repaffécPolymerization was
conducted in a glove box with inert atmosphere. A solution ofl&gtide (1M, Ortec) was
prepaed i n anhydrous toluene (Sigma Al drich)
(38.5 g PBHBMUOVL, 9.2 g |l actide, 98 ML t ol uc
while stirring unti/l PbMUOVL was fully dis
(Sigma Aldrich) was dissolved in anhydrous toluene (6.87 mg/mL) and added to the
reaction mixture to a final mass of 20.7 mg. The reaction was carried out & 1406

hoursand quenched by cooling to room temperature.

To purify PLAP b MU-PUA, the reaction mixture was dissolved in
dichloromethane and the solution was added to cold methanol dropwise to precipitate the
polymer. The precipitated polymer was dissolved in chloroform, followed by addition of
activated charcoal (Sigma Aldrich) to thoroughly remtwe catalyst. The charcoal was

removed through filtration, first through Coarse Porosity Filter Paper (Fisher, P8) and then
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through Glass Microfiber Filter Paper (GE Healthcare Life Sciences Whatman, 0.1 pm
pore size), and the polymer was precipitatedald methanol. Purification with activated
charcoal was repeated twice. The polymer was dried fop@dsin a fume hood, followed

by drying under vacuum (101.5 kPa) for a minimum of 3 days to thoroughly remove the

solvent.

PLA-P b MU -PLA synthesis washaracterized by SE®IALLS, 'H NMR, and
13C NMR. SEGMALLS was used to determine molar mass of the synthesized polymer
and its distribution; an increase in molar
unimodal distribution were expected for successfsyiythesized PLA b MU -PUA. H
NMR and*C NMR were used to confirm the presence of PLA endblocks. The weight
percentage of PLA endblocks was determined fromHh&MR spectrum according to the

following equation:

POODOd Equation 8

in which the PLA peak at 5.16 ppm corresponds to the methine pre@@(CHz)-CO-

) and t hepeakPabMiZ Ydoe orr esponds to t heCHmet hyl e

CHai ). H NMR shifts for PLAP b MU -PIA (500 MHz, CDCk 25 AC) : U 5. 1¢
(7T OF(CHs) T COT ) ; -@HxCHRI) (T @ . 3CH»QHCEBPT ) ; 2-18 (T«
CHx-CH(CHs) T ) ; 2 .,@H(CH{-CHaIl 1.70 { CH (3L HHGICH.); 1.58
(T OT OHH)(TCCOT ) ; 1. §BH»CHAT H ( OH 9-BH(QH3)-CHii ). 1°C

NMR shifts for PLAP b MU -PUA (126 MHz, CDC}, 25AC) : U -CH 7CD-04;3

169.40 (CO-CH(CHs)-); 69.00 (CO-CH(CHs)-O); 62.30 {CHp-CHo-O-); 41.50 ¢
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CH(CHg)-CH2-CO-); 35.11 (CH>-CH>-CH(CH)-); 27.42 (CH.-CH(CHs)-CH>-); 19.51

(-CH2-CH(CHs3)-CH>-); 16.65 (CO-CH(CH3)-0O-).

5.2.4 NMR Spectroscopy

H NMR and®C NMR spectroscopy was performed at25n a 500 MHz Bruker
Avance IIl HD with a SampleXprespectrometertH NMR spectra were acquired with
64 scans, ant?C NMR spectra were acquired with 128 scans. Solutions were prepared in
99.8% CDC} with 1% (v/v) tetramethylsilane (TMS, Cambridge Isotope Laboratories) or
DO (Cambridge Isotope Laboratorje€hemical shifts are reported in ppm with respect

to the TMS standard (set to 0.00 ppm) eO¥set to 4.70 ppngs a reference.

5.2.5 Size Exclusion Chromatography

Molar masses and dispersity of polymers were characterized byBECS. The
SEC instrunent was equipped with three successive Phenomenex Phénogemns, a
Wyatt Technology DAWN DSP mutangle laser light scattering (MALLS) detector, and
a Wyatt Optilab EX RI detector. Polymer samples were prepared at a concentration of 2
mg/mL, and 100ug of polymer was injected for each analysis, which was performed at 25
°C with THF as the mobile phagat a flow rate of 1 mL/min). Molar mass and dispersity
were determined from chromatograms using Astra software (Wyatt Technologies). The
dn/dc value ofPLA-P b MU -PUA used for the analysis was 0.059 mL/g, as calculated
from the weighted average of the dn/ dc val
mL/g?° and 0.042 mL/¢°’ respectivly) using the weight percentages determinedHby

NMR.
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5.2.6 Polymer fabrication

Polymer films (approximately 0.3 mm thick) were fabricated for examining
mechanical properties) vitro cytotoxicity, andin vitro degradation. PLA° b MU -PUA
(1 g) wassandwiched between two Teflon sheets and compressed &€ B2@ 454 kg for
5 mins in a Carver press (Carver 4386 hot press) to yield a film. To fabricate PCL (Sigma
Aldrich, Mn,=45kDa) or PLA (NatureWorks, M80kDa) controls, 10 mL of polymer
solution (20846 w/v, dissolved in chloroform) was poured into-arf petri dish, followed
by drying in a fume hood for 48ursandthenin a vacuum oven (101.5 kPa) for 3 days.
The dried PCL or PLA was sandwiched between two Teflon sheets and compressed at 60
°C (for RCL) or 180°C (for PLA) and 454 kg for 5 mins in the Carver press to yield a film.
To fabricate the PGS control, 0.8 grams of Regenerez poly(glycerol sebacate) resin (Secant
Group) was placed in ad@n glass petri dish and cured in a vacuum oven (101.pdtPa
130°C for 3 days to yield a film. Specimens for mechanical testing were cut from films
using a dog bone shaped dye (14 mm gauge length), and specimen thicknesses were
measured with a caliper. Specimens for evaluaiimgvitro cytocompatibility and

degradation were cut usingrBm or 6mm biopsy punches.

PLA-P b MU -RPLA cell culture substrates with a microgroove surface topography
were fabricatedby thermocompression. A micropattern (10 um groove/ridge width; 1 um
depth) was fabricated on a silicon waf@nd transferred to poly(dimethyl siloxane)
(PDMS) through molding as previously report€tiTo transfer the micropattern from
PDMS to PLAP b MU -RLA, the patterned PDMS mold and a PIPAb M U -PLA film
(placed on a 18mx18mm glass coverslip), respectively, were heated to°C3fbr 10

min on a platen of a Carver Press. The hot PDMS mold was then placed on the hot PLA
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P b MU-RUA film immediately (the patreed side of PDMS interfaced with PLA

P b MU -RUA), and a 250 g weight was placed on the top of the PDMS until cooled to
room temperature, resulting in a patterned FR.A M U -RLA film. Non-patterned PLA

P b MU -RPUA controls were fabricated through a simithermocompression procedure

in which the patterned PDMS was replaced with flat PDMS.

Disk shaped specimens (6 mm in diameter and 3 mm thick) offPbAM U -PLLA
and controls (PGS and PCL) were fabricated for animal studies. To prepaie BLM U -V L
PLA specimens, 3 g of the polymer was placed in a mold cavity (16 mm in diameter and 3
mm high) sandwiched between two Teflon sheets and heated ttCI1®0 5 min in a
Carver press (Carver 5370 AutoFour/4819 ASTM Molding Laboratory Press), followed by
pressiig at 363 kg for 10 min and with 2268 kg for 5 min sequentially. The polymer was
cooled in the press using water injected cootmgoom temperature, and then removed
from the mold. PLAP b MU -PLA disks were cut to size using arén biopsy punch. To
prepae PCL specimens (Sigma Aldrich, 45kDa), polymer pellets were placed in a mold
cavity (6 mm in diameter and 3 mm high) sandwiched between two Teflon sheets and
heated to 88C for 5 min in the Carver press, followed by pressih863 kg for 10 min
andat 2268 kg for 5 min sequentially. The polymer was cooled in the press using water
injected cooling. To prepare PGS speciméhg, of Regenerez poly(glycerol sebacate)
resin was placed in adn glass petri dish and cured in a vacuum oven (101.5 kPa) at 130
°C for 3 days to yield a 3 mm thick product. Disks 6 mm in diameter were punched out

using a biopsy punch.
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5.2.7 Tensile testing

Uniaxial extension tests of dry and wet specimens were performed at a strain rate
of 10 mm/min on a Shimadzu AGS tensile testeto reveal elongation at break and
ultimate tensile strengtiWet specimensvere incubated in PBS at 3T for 24hoursand
removed from the solution and patted dry with a KimWipe immediately prior to mechanical

testing.

Tensile hysteresis tests in bothydand wet conditions were performed on a
TestResources 100Q Tensile Tester equipped with a liquid bath. To perform tests in the
wet condition, specimens were incubaied®BS at 37C for 24hours and then loaded in
tensile tester grips and submergedibath filled with PBS for measurement. Tests were
performed with a maximum strain of 50% and a strain rate of 10 mm/min for 20 cycles.
Youngdés modul us was determined from the | o\v
in the first cycle?®® Hysteresis loss was calculated by dividing the area between the

extension and contraction curves by the total area under the extensiofturve.

Tensile set was measured for dry and smcimens on a TestResources Q100
Tensile Testefollowing ASTM standard D41262%° Specimens were stretched to 50%
strain withn 15 seconds, held at 50% strain for 10 minutes, and retracted to the starting
position at a rate of 10 mm/min. After the grip was returned to its starting position,
specimens were removed from the tensile tester followed by measpeognen length
usinga caliper immediately and every 10 minutes afterwards. Tensile set was calculated
by dividing the change in specimen length (with respect to the initial length) by the initial

length
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5.2.81In vitro degradation oPLA-P b M G-RUA

The initial mass of eacpolymer film (8 mm in diameter and approximately 0.3
mm thick) was recorded. Each film was soaked em-Btrep (5%) for 2hours for
sterilization, washed with PBS three times, placed in 6 mL of PBS or PBS containing 2000
IU/mL lipase fromT. lanuginosugSigma Aldrich, >100,000 IU/mL), and incubated at 37
°C on a rotational shaker. PBS and lipase solution were both adjusted to pH 7.2 and
sterilized by filtration prior to use. The solution in each sample was changed weekly. At a
predetermined time point, ammple was rinsed with water, patted dry, and dried under
vacuum to constant weight (no weight change for 3 days). The mass of the dried sample
was recorded and compared with the initial mass. The sample was then dissolved in THF

and subjected to SERIALLS analysis to reveal the change in molar mass.

5.2.91n vitro cytocompatibility oPLA-P b M U-RUA

In vitro cytocompatibility of PLA-P b MU -PULA was examined byive/dead
staining and AlamaBlue assay. PGS, PCL, PLA, and standard tissue culture polystyrene
(TCPS) were used as controls. For live/dead staining, polymer films (8 mm in diameter)
were adhered to glass coverslips with a thin layer of autoclaved vacuum grease, soaked in
PenStrep 6%) for 2hoursfor sterilization, washed with PBS three times, and placed in a
well of a 24well plate. The films and TCPS were soaked in culture medium (DMEM with
10% FBS and 1% PeSBtrep) overnight, followed by seeding NIH 3T3 fibroblasts at a
density d 50,000 cells per well. Cells were cultured forf@ursand stained with ethidium

homodimer and calcein AM.

For AlamarBlue assay, polymer films (6 mm in diameter) were soaked in Pen

Strep (5%) for Zhoursfor sterilization and washed with PBS three times. The films were
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each affixed to the bottom of a well in-9&ll plates by a thin layer of autoclaved vacuum
grease. Ta films and TCPS were soaked in cell culture medowernight, followed by
seeding 3T3 fibroblasts or C2C12 cells at a density of 5,000 cells per well. The cells were
cultured in 100 pL of phenol refdee culture medium for 2hours followed by Alamar

Blue assay.

The result from Alamar Blue assay performed for cells cultured fbo@dsreflects
combined effects of the material cytocompatibility and the cell adhesive property of a
material. To decouple these effects and evaluate only material cytocaiipatthA -

P b MU -RLUA films and controls were coated with Matrigel (130 pg/mL in PBS)& 4
overnight, followed by seeding 3T3 fibroblasts at a density of 5,000 cells per well. In
addition, culture medium was changed abdrsaftercell seeding to rema noradherent
cells for all the samples, and Alamar Blue assay was performed at bbttug&hand 4
hours(as a normalization reference). The increase in cell number betwemansand 24
hours(the ratio of the Alamar Blue signals at these two timentgpireflected material

cytocompatibility. Experiments were performed in triplicate.

5.2.101In vitro cytocompatibility of the degradation product®b MU V L

The degradation products from complete hydrolysi® @ MG ¥rid PCL are
hydroxy-3-methylpentanoicacid and eéhydoxy-caproic acid (or the carboxylate salts
depending on the pH), respectively. To evaluate their cytocompatibility, these two
compounds were synt hesi-mathgtivtah reoruvog ha ch pareo le
caprolactone, respectively, as pgoasly reported!! To synthesize sodium-Bydoxy-3-
methylpent anoat at e, 0.117 mL of b MU ¥dueowsa s s |

solution containing 0.0077 moles of NaOH while stirrfdg/ 5 o f tvmsaddedt V L
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every 30 minutes). To synthesize sodiuh § d o xy capr oat -eaproldtone7 1 mL
was slowly added to 1.147 mL of aqueous solution containing 0.0077 moles of NaOH in a
similar manner. Each mixture was stirred foriurs and the pH value vgachecked to
confirm complete consumption of NaOH. To remove unreacted lactone, the reaction
mixture was mixed with dichloromethane (the volume ratio of DCM to the reaction mixture
was 3:1) thoroughlyn a separatory funnel, and allowed to separate fbos The
carboxylate salt product in the water fraction was collected and lyophilized. Purity of the
product was confirmed byH NMR. H NMR shifts for sodium Sydroxy3-
methylpentanoate (500 MHz,0; 25A C) : {DH-BH.&8); Z.12 (CH(CHs)-CH.-

CO); 1.861.90 (CH(CHs)-CH2-CO-) and (CHx-CH(CHs)-CHy-); 1.48 (CHo-CHo-
CH(CH)-); 1.35 £CH,-CH2-CH(CH)-); 0.83 £CH,-CH(CH3)-CHz-). *H NMR shifts for
sodium 6hydroxycaproate (500 MHz,£0; 25A C) :  {HO-BH & H,-); .10 (CH.-
CH2-CO-); 1.49 (-OH-CH2-CH2-CHy-); 1.47 (CH2-CH2-CH-CO-); 1.25 (CHz-CHo-

CHy-).

Cytocompatibility of sodium #hydroxy-3-methylpentanoate and sodium- 6
hydoxy-caproate was evaluated by examining dose response curves of cell viability.
Fibroblasts (3T3) were seeded i6-®ell plates at a density of 5,000 cells per well and
cultured in 100 pL of medium for 2dours The medium was replaced with serinee
DMEM medium containing a test compound or no test compound (control), and the
samples were incubated for an additio24l hours followed by Alamar Blue assay.
Fluorescence intensity of each sample containing a test compound was normalized to that

of the control. A dosaesponse curve of normalized cell viability was plotted, aneb TD
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(median toxic dose) was determinedngs GraphPad Prism 9.0. Experiments were

performed in triplicate.

5.2.11 Live/dead staining and Alamar Blue assay

For live/dead staining, cells were incubated with ethidium homodimer and calcein
AM (0.1% v/v) for 30 min in the dark, followed by washing with PBS. Samples were
imaged with a & objective ona Zeiss Axio Observer inverted fluorescence microscope
equippedvith 470/525 and 550/650 excitation/emission filters. Polymer films were placed
on a glass slide, with the side having cells facing down, for imaging. Cells cultured on

TCPS were imaged directly in culture wells.

For Alamar Blueassay, cells were cultuden 96well plates in 100 pL of phenol
redfree culture mediumAlamar Blue reagent (Bi®kad, 11 pL) was added to each well,
followed by incubation in a tissue culture incubator fdrotrs The culture medium in
each sample (100 pL) was transferred toesv 96well plate, and fluorescence intensity
was measured at excitation/emission wavelengths of 560/590 nm using a BioTek Cytation

3 Cell Imaging MultiMode plate reader.

5.2.12 Characterization of C2C12 cells cultured on micropatterned-PLLAM U-RUA

Patterned and noepatterned PLAP b MU -PULA films processed through
thermocompression were cut tofnx9mm in size, sterilized in 5% P&irep for 2hours
and washed with PBS three times. Each film was placed in a waR4bfvell plate and
coated with M#&igel (130 ug/mL in PBS) at 2C overnight. The TCPS control was treated
with Matrigel in the same manner. C2C12 cells were seeded at a density of 475,000 cells
per well and cultured in growth medium (DMEM with 20% FBS, 1%-Bt&ep, and 1%

Glutamax) for24 hours and then switched to differentiation medium (DMEM with 2%
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Horse serum and 1% R&trep) to initiate differentiation. Medium was changed gently
every 2 days. At prdetermined time points, live/dead assay or immunofluorescent

staining for myosin @éavy chain (MHC) were performed.

For immunofluorescent stainingsells were fixed with 4% paraformaldehyde,
permeabilized with 0.01% Triton -X00, and blocked with 5% bovine serum albumin.
Samples were incubated with the primary antibody MF20 (targetihtC M1:100,
Developmental Studies Hybridoma Bank) atG overnight, followed by washing with
PBS three timesSamples were then estained with AlexaFloud88 conjugated donkey
antFmouse IgG (1:50, Jackson ImmunoResearch) and Hoechst 33342 at roomtia@pera
for 2 hours followed by washing with PBS three tim&amples were imaged with &5
objective on a Zeiss Axio Observer inverted microscope equipped with 365/445 and

470/525 excitation/emission filters.

Fusion index, length, and alignment of myotubes were analyzed from the acquired
imagesFusion index (the ratio of nuclei within myotubes that contain three or more nuclei
to the total nuclei) was determined using MyoCount softw&r#yotube length was
chaacterized by manually drawirg line along a myotube between its two endpoints in
FIJI/imageJ and measuring the length of the line segn@amdntitative analysis of cell

alignment with respect to microgroove direction was performed as previously ref¥8rted.

5.2.13 In vivobiocompatibility and degradation

Disk shaped specimens (6 mm in diameter and 3 mm thick) offPbAM U -PLA
and controls (PGS and PCL) were each weighed and sterilized with ethylene oxide gas.
Specimens were implanted under the fascia of the right or left gluteal muscles of female

SpragueDawley rats; animals having a PEADb M 0 -RLLA specimen implanted on one
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side had either a PGS or a PCL control on the other side. The surgical procedures and
animal cardollowed an approved IACUC protocol in compliance with the regulations of
the University of Minnesota and the NIH. Briefly, analgesic buprenorphinkeABRwas
administered for posbperative pain relief and the animals wearesthetized with
isoflurane. In a sterile field, an incision was made in the skin of the flank over the gluteal
muscle to expose the muscle, and a polymer specimen was implanted into tiee Tinesc
incision was closed with a suture. Shams were performed with identical surgical procedures
except that no specimen was implanted. At predetermined time points, animals were
sacrificed, and specimens were harvested for examinationwyo biocompatibility or

degradation.

For biocompatibility evaluation, three specimens, each with surrounding gluteal
muscle attached, were harvestedatrytime point for each polymeSpecimens were
fixed in 10% neutral buffered formalin and stained with Hemdioxgnd Eosin (H&E),
followed by histopathologic evaluation performed by a baadified veterinary
pathologist who waslinded to the identity of each slide. Samples were evaluated for
inflammation, granulation tissue formation, foreign body giant éetmation, and

thickness of the fibrovascular connective tissue capsule surrounding the implant.

For in vivo degradation evaluation, specimens were explanted (four for each
polymer at every time point) and the surrounding tissue was completely exciséd. Eac
sample wasvashed with water extensively, patted dry with a KimWipe, and dried in a
desiccator to constant weight (no weight change over 3 days). The mass of each sample

was recorded and compared to the-iprplantation mass to determine mass loss. The
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specimen was then dissolved in THF and subjected to-BBCLS analysis to assess

change in molar mass of the explanted polymer.

5.2.14 Statistical analyses

Statistical analyses were performed using GraphPad Pristd®.p.ai r ed Wel c h
ttest, Wevagy hANOYAefoll owed by Dunnett,06s mul
We | ¢ h éevay ADI@QVA followed by Gamesiowell multiple comparison post hoc test,
ortwoway ANOVA foll owed by Tukeyds H®B mul ti
performed,as indicated in figure legends. Statistical significances are indicated as *p <

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

5.3 Results and Discussion

5.3.1A soft PLAP b M U-RUA polymer was designed and synthesized

The objective of thistudy was to examine the feasibility of using PBA MU -V L
PLA elastomers for biomedical applications in which these polymers may interface with
soft tissues or organs. It has been reported that matching mechanical properties between
tissue and an adjacemiplant benefits implant functiot¥:}*°-?**Therefore, we focused on
asoftPrLA-Pb MUPLA material with Youngds modul us
could potentially interface with many soft tissd&s21421¢ Mechanical properties of PL-A
P b MU -RLUA elastomers are affected by block compositions, and it has been reported that
theYoungds moduR tuMd-WLA polymePHavng a 70 kDa midblock and
16.8 kDa endblocks is 1.93 MP¥.We expected that a PR b M i -RPLA polymer with

a 100 kDa midblock and 10 kDa endblocks would be softer.

The PLAP b MU -PULA polymer withthis designed structure was synthesized

using a twestep method as reported previobdh?®T he rubbery midbl ock
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was synthesized through ring opening polymerizatidan fd VL, f o Ingopewiegd by r
polymerizationof lactide with the bifunctional telechell b M U ¥sLa macroinitiator to

yield PLA-P b MU -RPUA (Figure 22 . T h e mbndrieY Wwasynthesized from -3
methyt1,5-pentanediol, as confirmed B NMR (Figure 23. Successful synthesis of
PbMGVL from bMUVL IMaNMR (Figuref 24 anth25d thebpels
corresponding to the t woCHbGHIYadt 440@pmhand e ne
4. 26 ppm decreased, and a single resonanc
met hyl ene -GHp-@Hb pan4sl?2 fpim @as detected. The percentage of monomer
conversionwas 92%, as calculated from thé NMR spectrum of the nepurified sample

(Figure 23 according to Equation 7. Successf ul
confirmed by**C NMR (Figure 2. SEGMALLS c har acteri zation of p
revealed the molar mass {#7.4 kDa, M=116.3 kDa, B=1.19), which was close to the

targeted molar mass of 100kDa.

Successful synthesis of PERA b M U -PLLA was confirmed byH NMR, 1°C NMR,
and SEGMALLS. The presence of IA in the triblock polymer was confirmed by the
chemical shift at 5.3 ppm corresponding to the methine proton itHtINMR spectrum
(Figure 27, and was further confirmed by three chemical shifts if¥@eNMR spectrum
(169.40 ppm+CO-); 69.00 ppm {CH(CHz)-); 16.65 ppm {CH(CHz)-)) (Figure 2§. The
SEC chromatogram shifted to a shorter elution time (corresponaliagger molar mass)
as compared with that of PBMIOVL and showec
PLA blocks were |linked to the telechelic
homopolymer Figure 29. The molar mass of LA-P b MU -PLUA revealed bySEG

MALLS (M,=123.2 kDa, M=143.1 kDa, b=1.16asclose to the targeted molar mass
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(10 kDa for each PLA endblock). The weight percentage of the PLA block determined

from the'H NMR spectrum was 15.9% according&gquation 8

5.32The PLAP b M U-RUA polymer exhibits elastomeric properties in both dry and wet
environments

All mechanical property tests were performed in both dry and wet (PBS) conditions.
Tensile hysteresis tests of 20 cyclié® stresstrain curve®f which areshown inFigure
30 revealed Youngdés modulus and hysteresis
and 0.715 £+ 0.10 MPa for the dry and wet conditions, respectively, as determined in the
| ow strain r egi eioncyve in thédiyst cgcfe. Theleevallex areeon the
same order of magnitude as the moduli of many soft tisé&&$.In the dry condition,
hysteresis loss was 40% after the first cycle and then stabilized at around 34% after the
second cycle, a trend also observed for conventional rubber 2bag@gure 30.
Hysteresis loss of the polymer in the wet condition exhibited a similar trend, with values
slightly higher than those in the dry condition: it was 44% after the first cycle and then

stabilized at around 37% after the seconcecyFigure 30D.

Uniaxial extension tests were performed to characterize ultimate tensile strength
and elongation at break. The strgi®in curves shown iRigure 30crevealed ultimate
tensile stragths of 1.12 + 0.24 MPa and 0.934 + 0.05 MPa and elongation at break values

of 1065 + 65.9 % and 931.7 £ 100.0 % for dry and wet conditions, respectively.

Tensile set, defined as the remaining strain after a specimen has been stretched and
allowed to retact in a specified mannél®was measured to assess whetherfPLB M i -V L
PLA specimens could recover their shape completely after stretching. According to ASTM

standard D41:621° each specimen was stretched to 50% strain within 15 seconds, held
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at 50% strain for 10 minutes, and retracted to the starting positia rate of 10 mm/min

The specimen was removéebm the tensile test apparatus, and remaining strain was
measured at subsequent time poikigire 304d. Initial tensile sets were 10% and 13% for

the dry and wet conditionsgspectively. After 10 minutetensile sets were approximately

4% for both conditions. Complete recovery was observed at approximately 40 minutes for

both conditions.

Previous studies only reported mechanical properties of PIbAM U -PLA in the
dry condition?®* In the present study, we characterized mechanical properties of the
polymer in dry and wet conditions in parallel to evaluate its potential use in biomedical
applications, such as implantable devices and tissue engineering scaffolds. We found that
Young6s modulus, wultimate tensile strength
the wet condition as compared with those in the dry condition, whichesai from water
plasticization as previously reported for wet amorphous poly(lactetgycolide)?'®
Importantly, we found that PLA b MU -PLA retained elastomeric properties wet
environments, as hysteresis loss and tensile set were similar between dry and wet

conditions.

5.3.3The PLAP b M 0-RUA elastomer exhibits excellantvitro cytocompatibility
Cytocompatibility of PLAP b MU -PUA was first examined by live/dead assay.

Three biocompatible polymers, PCtPGS!9121%nd PLA>® and standard tissue culture

polystyrene (TCPS) were evaluated as controls. NIH 3T3 fibroblasts culturedHougst

on PLAP b M -PUA films exhibited high viability and normal morphology, similar to

cells cultured oM CPS, and cell coverage was uniform across each entire culture substrate

(Figure 31 Cells cultured on PGS showed high viability and normal morphology in some
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regions (as shown iRigure 313, but @Il coverage was not uniform on PGS substrates.
Live/dead assay revealed that cells cultured on-PLA M U -PLA have similar or better
viability as compared with those cultured on the contrblgure 313 suggesting that

PLA-P MU V-BLA is highly cytocompatiblén vitro.

In vitro cytocompatibility of PLAP b MU -PILA was further quantitatively
examined by Alamar Blue assay. Both 3T3 fibroblasts and C2C12 myoblasts cultured for
24 hourson PLAP b MU -PUA films showed similar AlamaBlue fluorescence signals
to those on PLA or TCPS controlBigure 31p. 3T3 cells cultured on PLR b MU -PLA
showed a slightly lower signal than those on PCL, but C2@ll2 showed similar signals
on these two polymers. Interestingly, both cell types showed higher Alamar Blue signals
on PLAP b MuU-PULA than those on PGS, a widely reported biodegradable and
elastomeric material for biomedical applications. It has been reported that PGS with low
Youngods modulus (<0.5 MPa) &%%Inthe dursents o me
study, B5S was prepared under high vacuum (101.5 kPa) at@3@r 72 hours and
Youngds modulus in the r an®%¥®ddwevd, PGS 1. 2
synthesis and processingviedbeen reported to be highly variable and similar conditions

have resulted in different material properties when carried out in differenifabs

The Alama Blue fluorescence signal is related to the total cell number at the time
of evaluation and reflects combined effects of material cytocompatibility and cell adhesive
property of a material. To evaluate material cytocompatibility, all substrates werd coate
with Matrigel to minimize differences in cell adhesion. In addition, culture medium was
changed soursafter cell seeding to remove nadherent cells, and Alamar Blue assay

was performed at both 2Z¥oursand 4hours(as a normalization reference). Ahdursthe
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Alamar Blue signal on PLA b M U -PLA was similar to those on the controls; ah@dirs

the Alamar Blue signal on PR b MU -PLA was similar to those on TCPS, PCL, and
PLA, but higher than that on PGBigure 31¢. The increase in cell number between 4
hoursand 24hours(the ratio of the Alamar Blue signals at the two time points) on-PLA

P b MU -RPUA was similar to that on TCPS, PCL, and PLA and higher than that on PGS
(Figure 319, sugesting that PLAP b MU -RLLA supports cell viability as well as the

biocompatible controls used in the study.

5.3.4 The® b MU dégradation product is neaytotoxic

To use degradable polymers as implantable materials, not only must the polymers
themselves & biocompatible, but their degradation products must also beytotoxic.
The hydrolysis product of the endblocks, PLA, has been well studied and is generally
regarded as safe by the FBR.However, cytotoxicity of the degradatigmoduct from
hydrolysis of P b MU Was not been evaluated previously. In the current study, we
examined cytotoxicity of sodium-Bydroxy-3-methylpentanoatewhich is the final
product ofPb MUVL degradation at physi ol ogical
sodium 6hydroxy-caproate,was evaluated as a control. These two compounds were
synt hesi zed 4mgthyliky d I e I § b & maproléic®ne arespectivély, in
NaOH solution asneviously reportedRigure 32.1* The chemical structure and purity of

the products were confirmed usitig NMR (Figures 33and34).

Doseresponse curves of cell viability were similar for the two degradation products
(Figure 35. The TDxo values forsodium 5hydroxy-3-methylpentanoateand sodium 6
hydroxycaproate are 203.7+1.05 mM and 172.3+1.05 mM, respectR€ly is a widely

accepted implantable material used in many FDA apprpweducts* and its degradation
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product has been reported to be foytotoxic?? The higher Tl value for sodiumb-

hydroxy-3-methytpentanoaténdicates that th® b MU ®elgradation product is also non
cytotoxic. In addition, thedegradation product from hydrolysis BLA, lactic acid, has a
TDsovalueof 46.18 mM and is generally regarded as $&&>2further suggesting that the

PbMUVL degradat-cytotoxicpr oduct is non

5.3.5PLA-P b M U-NFLA can be eadily micropatterned to suppd@®2C12 cell alignment

The thermoplastic nature of PERDH MU -WPULA was expected to allow the
polymer to be readily processable into a wide range of geometries and to enable facile
incorporation of varioutopographical features. To demonstrate this advantage in material
processing, we fabricated PEADH MU -PILA substrates with microgrooves (10 pum in
groove and ridge width; 1 um in depth) by pressing a mold of the desired pattern en a pre
processed PLA b Mu-RULA film at an elevated temperature. The pattern was
successfully transferred to the PLA&R b MU-PUA film through this simple

thermocompression metholigure 363

PLA-P b MU -RPLA substrates with microgroove topography wereluseculture
C2C12 cells, an immortalized cell line of murine skeletal myoblasts. Live/dead assay for
cells cultured for 5 days in differentiation medium revealed high cell viability on both
patterned and nepatterned PLAP b MU -PUA (Figure 36B, further confirming
cytocompatibility of the polymer. Cells cultured on patterned substrates aligned along the
groove direction throughout the entire culture area (9 mmx9 mm), consistent with previous
reports that C2C12 cells align alof pm grooves on other materidté.Cells cultured

on nonpatterned substrates showed random orientatibigure 36h. These results
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suggest that the topography introduced through the simple thermocompression method was

retained in culture mediuandmediate&l cell behaior.

C2C12 cells cultured on patterned RPAb M U -PLA were further examined by
immunofluoescence staining for total myosin heavy chain (MHC, &lendgferentiation
marker), and cells cultured on npatterned PLAP b MU -PUA and TCPS were
evaluated asantrols. MHC myotubes were observed on all the culture substrates on day
7 (Figure 36¢. Quantitative analyses ahyotube lengthmyogenic fusion index, and
myotube alignment angles were performedimmunochemically stained samples. No
statistical difference was observed in myogenic fusion index between different culture
substrates, but myotube length on patterned-PLE# M U -PLLA was greater than that on
the two controlsKigure 36d,g Furthermore, myotubes aligned along the groove direction
with an average angle of 4.03° + 2.21, while those on the controls oriented randomly
(Figure 36fand 37). These results further sfirmed that the topography introduced
through thermocompression was retained in cell culture medium and mediated cellular

contact guidance responses to facilitate myotube formation and alignment.

5.3.6 The PLA? b M U-RUA elastomer is degradabie vitro andin vivo

PLA-P b MU -RPLA is a polyester and was expected to be hydrolysable. We first
examined degradability of the PEA b MU -PLA elastomer by incubating specimens in
PBS at 37 °C over®eeks and PCL and PGS were used as controls. The decrease in molar
mass between 0 andvBeekswas insignificant for both PLA b MU -PULA and PCL
(Figure 38aPGS is a thermoset and was not evaluated for changes in molar mass). At 8
weeksmass loss was approximately 0.5%, 4.5%, and 10.7% forPPbAM U -P LA, PCL,

and PGS, respectivelfigure 38aFigure 39.
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Since it is known that lipase accelerates hydrolysis of polyete¥8we further
examineddegradation of these polymers in lipase solution (lipase fflermomyces
lanuginosus2000 U/mL). Both PCL and PGS were completely degraded in lipase solution
at 4weeks while little mass loss was observed for RRA MU -PLUA at 8weeks(Figure
38b). However, a significant decrease in molar mass was obsem@tAeP b M 0 -PULA
in lipase solution (approximately 32% decrease between 0 avekBs p-value<0.05),
suggesting that hydrolysis occurrefligure 38p). The slower degradation of PLA
P b MU -RLUA in lipase solution as compared wHCL and PGS is likely related to its
chemical structure, as it has been reported that enzymatic hydrolysis with fungal lipases is
slower forpolyesters with methyl groupg€ It is worth noting that thé vitro enzymatic
hydrolysis rate of a polyester does not necessarily correlate with vigo degradation
rate. It has been reported that PCL specimens placed in a solution containing lipase from
Pseudomonas cepaagampletely degraded within 4 days, while the shape of PCL products

implanted in ratsemained unchanged after 24 mordHs2°

We further examinedegradation of PLA? b MU -PLA specimens implanted in
the gluteal muscle of rats for 1, 4, ant8eks PCL andPGS specimens implanted for 8
weekswere evaluated as controls. Atv@eeks postimplantation, mass loss of PLA
P b MU -RPUA was small, while the decrease in molar mass was evident, suggesting that
biodegradation occurrad vivo (Figure 40. Most PGS specimensiplanted for 8veeks
degraded, consistent with previous studies reporting rapid degradation of RB&8
The PCL control implanted for 8/eeksshowed negligible degradation. These results
suggest that PLA b MU -PLA degrades more slowly than PGS and more rapidly than

PCLin vivo.
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5.3.7The PIA-P b M 0-RUA elastomer exhibit® vivo biocompatibility

Histopathology analysis performed for polymer specimens implanted under the
fascia of the gluteal muscle revealed that HFR.A M U -P LA hasin vivobiocompatibility
comparable to that of PCL and PG®ntols, two widely accepted implantable
materials>*183224At 4 and 8weeks all the samples were present within the perimysium
and surrounded by a thin capsule, which generally consisted of an outer layer of dense
fibrovascular connective tissue with scant individual inflammatory dgksitrophils
and/or eosinophils, and lesdgmphocytes) and an inner layer of less organized, loose
fibrovascular connective tissue admixed with variable numbers of histio¢yitped 41
and Figure 42. The only notable difference betweemmgdes was that PGS specimens
tended to stimulate a more robust lymphocytic inflammatory responsevetids(with
prominent perivascular infiltrates in the perimysium and the outer layer of the fibrous
capsule). The more notable tissue response of P@8ligielated to its faster degradation
and production of a large amount of acidic degradation products during a relatively short
period of time'82°Capsule thickness was quantitativelgessed at 1, 4, andv@eksand
also showed comparable results for the three polyrregarg 43. A descriptive and semi
guantitative report of the assessment of inflammation, granulation tissue formation, foreign
body reactionand foreign body giant cell formation is shownTaible6. Overall, healing
and biocompatibility are similar for the three polymers, suggesting thatFPhAM G -V L

PLA has favorablén vivobiocompatibility as an implantable material.

5.4 Conclusions
A PLA-Pb MU-PL A triblock pol ymer having

approximately 1 MPa, which is similar to the stiffness of many soft tissues, was
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synthesized. This material exhibits elastomeric properties in both dry and wet
environments. Elongation at break is approxinyat®00%, and specimens stretched with

a strain of 50% could completely recover to their original shape after force is removed. The
elastomer is degradable bothvitro andin vivg; it degrades more slowly than PGS and
more rapidly than PCLn vivo. Both PLA-Pb MU-PL A f i | ms and the
degradation product show excellent cytocompatibilityitro. The tissue responses$

PLA-P b MU -PLA specimens implanted in the gluteal muscle of rats are similar to those
of PLA and PGS controls, suggesting that PRAM U V-BPLA has favorablen vivo
biocompatibility as an implantable material. In addition, the thermoplastic nature of this
elastomer enables facile material processing. These properties collectively make this
material potentially highly valuable for applins such as medical devices and tissue

engineering scaffolds.
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Figure24'H NMR s p e ct r weaforeplrifidatiomMTihe percentage of monomer

conversion is calculated from this spectrum according to Equation 7.
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1.53 ( )-CHCHEH ; 0. 9BH(QH5)-CHiT).
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Figure26.3*C NMR s p e ct r witer purficaobfCi WIMR s hi fts for
(126 MHz, CDCI3, 25 °C)li 1 7 2CHBC0-0f); 62.30 (CHx-CH2-O-); 41.50 ¢

CH(CHs)-CH-CO-); 35.11 (CHa-CH2-CH(CH)-); 27.42 (CHp-CH(CHs)-CHy-); 19.51

(-CH2-CH(CH3)-CH2-).
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Figure27. 'H NMR spectrum of PLAP b MU -PLA. H NMR shifts for PLAP b MU -V L
PLA (500 MHz, &DC6 3K(CH)BICAAT)):; &Hx-QHgT); 2.310
(7 GQBI-CH(CHs) T ) ; 2 :CHSCH(CHCD) ; 2 o-CHECH{)-CHabt 1.70
(T CHEGHICHa) ; 1. 58 HR)ITQOAH(;C 1. 35CH-CHIE BL9SCH

( T GEH(CH3)-CHai).
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Figure28. 13C NMR spectrum of PLA b Mii RIUA. **C NMR shifts for PLAP b MU -V L
PLA (126 MHz, C7R.63(CH-CO2CB); 189C) {CO-TH(CHs)-); 69.00
(-CO-CH(CH3)-O); 62.30 {CH»-CH»-O-); 41.50 (CH(CHs)-CH>-CO-); 35.11 {CHo-
CH2-CH(CH)-); 27.42 (CH,-CH(CHs)-CHy-); 19.51 (CHp-CH(CH3)-CHc-); 16.65 ¢

CO-CH(CH3)-O-).
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Figure 30. Mechanicalproperties of PLAP b MU -PLA in dry and PBS conditions. (a)
Representative stresgrain curves for tensile hysteresis tests. (b) Hysteresis loss calculated

from tensile hysteresis tests. (c) Representative sttegia curves for uniaxidests.
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Figure31 Evaluation of cytocompatibility of the PR b M U -PLLA polymer, with tissue
culture polystyrene (TCPS), polycaprolactone (PCL), polylactic acid (PLA), and
polyglycerol sebacate (PGS) as contr(dg Live/dead assafor 3T3 cellsculturedfor 24
hours. Substrates were soaked in cell culture medium overnight prior to cell seexdiley. S
bar is 200 unm(b) Alamar Blue assay for 3T3 cells and C2C12 calisured for 22hours
Substrates were soaked in cell culture medovernight prior to cell seedingc) Alamar

Blue assay for 3T3 cells cultured on Matrigelted substrates for 4 and [2gurs Non
adherent cells in all the samples were removedatiisby a medium change. (d) Increase

in cell number between 4 and Bdurscalculated from the data in (&rror bars represent
standarddevation, ns=not significant***p -value<0.001, **p-value<0.01,*p-value<0.05,

Wel chévayomeNOVA foll owed by Dunnett,n=8. mul t i
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Figure 32. Synthesis of sodium -Bydroxy-3-methylpentanoate (a) and

hydroxycaproate (b).
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Figure33. 'H NMR of sodium Bhydroxy3-met hy |l pent anoat enetesyy nt hesi
t-valerolactoneH NMR shifts for sodium Eydroxy-3-methylpentanoate (500 MHz,

D20, 2560ANHz;D0I25AC) : HOHEHEHBL); 2.12 (CH(CHs)-CH-

COY); 1.861.90 (CH(CHs)-CH2-CO-) and ¢CH2-CH(CH3)-CH-); 1.48 (CH.-CH2-

CH(CH)-); 1.35 (CH,-CH2-CH(CH)-); 0.83(-CH,-CH(CH3)-CH,-).
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Figure34.'H NMR of sodiumehy dr oxycapr oat e-cagrolastonbltd si zed f
NMR shifts for sodiumé y dr oxycaproate (500(CHDCH D20, 2
CH>-); 2.10 (CH2-CH2-CO-); 1.49 (OH-CH2-CH2-CHy-); 1.47 (CH,-CH2-CH2-CO-);

1.25 ¢CH2-CH2-CHz).
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Figure35. Dose response curve of cell vialylivhen exposed to the degradation products
of Pb MU0 VL -hydsory®-methylpehtanoate, black circles) and PCL (sodium 6
hydroxycaproate, red squares). Cell viability was normalized to areated control.
Nonlinear regression analgswas performedusing GraphPad Prism 9.Qpresented as

curves) and used to calculate sbCError bars represent standard deviatios 3.
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Figure 36. Micropatterned PLAP b MU -PLA substrates support C2C12 cell alignmr
(a) Brightfield images of patterned and npatternedPLA-P b MU -PLA processed
thermocompression. (b)\e/dead assay farellscultured onpatternedand norpatterne:
PLA-P b MU -RPLA (cells were cultured in differentiation medium for 5 day&)oove
direction is ndicated by the red arro\c) Immunofluorescent staining abtal myosit
heavy chair{green). Nuclei were counterstained with Hoechst 33342 nuclear stain
(d) Myotube lengthError bars represestandard deviatiorf*** p-value<00001, We | ¢
oneway ANOVA followed byGamesHowelld s mul t i pl e ¢ o mp>aas
(e) Fusion index Error bars represenstandard deviationns=not significant -
value-0.05),We | ¢ h évma yo MeNOVA f ol |l owed by Dunt
hoc test n=6. (f)Alignmentangle. $ale bar in all images is 200 p@ells in(c), (d), an:

(e) were cultureadh differentiation mediundor 7 days.
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Figure 37. Probability density histograms for C2C12 myotulréentations on pattern

PLA-P b MU -PLA (a), nonpatterned PLAP b MU-PLA (b), and tissue cultu

polystyrene (c).
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Figure38. Degradation of PLAP b MU -PULA and PCL in (a) PBS and (b) in lipi
solution Thermomyces lanuginogu PCL was completely degraded at ddas in
lipase solution. Error bars represent standard deviation. ns=not signifiezaiti¢
is greater than 0.05fwo-way ANOVA foll owed by

comparison post hoc tefer (a), n=3.

123



]
oh
|

— 204

&

@ 154

o

-

w10 -

wy

™

= 5 T

0 T T

4 8
Weeks
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Figure40. Degradation of PLAP b MU -PUA implanted in the gluteal muscle of rats for
1, 4, and 8weeks PCL implanted for 8 eeks was evaluated as a control. Error bars
represent standard deviation. ns=not significgmv al ue<0. 05, Unegtai r ed

n=4.
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8 weeks

Figure41l H&E stained images of PL®R b MU -PULA, PCL, and PGS implanted un
the fascia of the gluteal muscle. Scale bars: 100 um. Blue arrows inigigasattissue

interfaces; red arrows indicate capsules consisting of fibrovascular connective tiss
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Figure42. H&E stained images of PR b MU -PLA, PCL, and PGS implanted under

the fascia of the gluteal musctcale bars: 500 um. Asterisks indicate locations of polymer

implants.

127



Week 1 Week 4 Week 8

—. 800+ — 8004 800

(=2

=]

o
1

600+

=2
=]
T

ns

=3 PLA-PBMAVL-PLA
mm PCL
&z PGS

ns

n
=]
=]
1
(]
=3
=3
1
N
=3
=]
1

ns

&
k=1
1
Capsule Thickness {(um
&
=]
1
Capsule Thickness {(um)
3
<

<o
1
o
I
<
I

Capsule Thickness {(um

Lowest Highest Lowest Highest Lowest Highest
Value Value Value Value Value Value

Figure 43. The range of capsule thicknesses for FRA MU -PULA, PCL and PGS
implanted in the gluteal muscle of rats. PGS samples were not meastivezHet because

the capsule area was not present in some samples due to rapid degradation of the material.
Error bars represent standard deviation. ns=not significantljpe is greater than 0.05),
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Table6. Semiquantitative scoring gbathologic findings.
Scoring: 0 = no response, 1 = minimal; 2 = mild; 3 = moderate; and 4 = marked.
Abbreviations: FVCT = fibrovascular connective tissue; FVT = fibrovascular tissue; MNGC = multinucleated giant cell.

A dash signifies that the sample could not be assesgetbdhe absence of identifiable evidence of the material being present.

1 weeks 4 weeks 8 weeks
LA PLA- PLA-
Sham A PCL PGS Sham PbMiVvLl PcL PGS Sham PbMiVvLl PcL PGS
P b MU \PLA LA LA
yfmigifists olo]ojlojo|lo]|1|1|o]1jolo]1|ofo|o|1|olo|la|l2|3[3fofo]o|o]|1]|21]1]3]-]|2
Inflammation
Inflammation Granulocytic
pellae e 1|1 f2lol2|a]a]2laf2l2afa |22 |2 2]|a|a]a]ajal2lo|of2|2|2]|2]2]2]2]-|2

Signs of infection ojofofojoOjO]OjOjOjOjOjOfO|O]JO|O|O]OjOjOjOjOjOjJO|O]O|O|O]OjOjO]JO|-]0O

Loss of
muscle/replacement | 0 [ O J Ol OfO|O|OfOl2J0|O0O|1) 2|2 )1 |1]|1|2/2|21]1|2f1|0]1|1]|]0]O0O|12|2]1|1|0
with adipose tissue

I;V'”SC'G Myocyte Necrosis 1121|221 ]2[2|2|2|2l22|0f21|2|2]al1jo|l2f1|2]2 |22 |2]|1]|2] 12|22
amage
Myocyte
Regeneration 2|2]ol2|1flo]1|3|2]1l21/2/0|0]o|1|2]o|lo|l2fo|loja|l2|2]2]|2]|2]1|1]|2 2| 2
erstitial 1lof2la]|2|aal3|3[3]3]2]2|2|2|s|afz]2|ols]al2la]2]o|a]|1]2]12]2]1]2
Inflammation
Dense FVCT 11| afafa])a|a|a]ajolal2|a|a|2|aa|2afalaja)2|2]2a]|a|1]2|212|0|l-|0
Granulation Loose FVCT of1|2(2]|2|2]2l23|2{2f2f2 2|22 |a|2laf2|2][3]2]jofofx 2|2 |afafa]a]-]1
Tissue Edematous FVT ofof|2f1]|2]|0]|3|3l2[3[3[2fo|ofo|o|of|olojloj1|oja]2|afo|a]|a]|3]1l2]1]-]|3
Capsule Thickness o|of1f1|2|1)2|2{2|2{2(2f0| 0|2 |21 |2 )|1|2(2f2(3|20]|]0]2 |1 ]|21)|1f2/1]13|-]1
. Histiocytic :
Fge,gnBody Inflammation of1|2(2|3|1]|4a3|3[3[3[2f2 2|2 |2]a1a]|2l2l2]3]2]/3/o0of|of2|1]1]2]1]2]3 2
esponse MNGC ol zs]alolalolalal2lalalalalolala]a]l2lal2la]la]lolofola]z]af2]o]2]z]-]0
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Chapter 6: Conclusios

Biomaterials are indispensable to the medical field today and have been used in
applications including biosensors, medical implants, and drug delivery de@cesall,
this thesis focusk on the development and applications of two different types of

biomaterials: gold nanoparticles (GNPs) and elastomeric polymers.

In Chapter 2we demonstratéthat when a pair of heterodimeriziegiled-coils
was conjugatetb the surface oENPs simply flipping the orientation of one of the coded
coils led to two completely different particle properties: one driving the nanoparticles into
large aggregates and the other keeping them colloidally skalilge studies may inatle
investigating the aggregation kinetics ofel-assemblingGNPs as a function of
nanoparticle or solubilized coilembil concentrationAlso, the coiledcoils presented here
can be easily modified with bioactive ligands or targeting moieties via peagineering,
making these GNPs highly useful for many biomedical applications. For exatmple
colloidally stable GNPs could be further developedetsctiontechnologies?323°430n
the other hand, the sedbsembling GNPs could be explored for use as a nanomaterial
based platform to cluster ligand reaaston cells. Clustering of cell ligands can be used
to control cell behavioor function, and the sekissembling GNPs could be used to study
this in cellulamprocesses, including stem cgiiferentiation, cancer development, pathogen

infection, and Tcdl activation?3!

In Chapter 3, protetsonjugated GNPs that exhibit both multivaleraoyd self
assembly were designed as entry inhibitors of HiIMn this work, a coileg o i | AAO

protein was fused to an Ht¥ gp120 targetinigand (known as cysAlgp120). GNPs were
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conjugated with heterodimerizing coiledil proteins, previously demonstrated to exhibit
selfassembly, displaying an H¥Y gp120 targeting ligand. The proteionjugated GNPs
were used to test inhibition of HY infection; however, the GNPs showed negligible
inhibition. Future work may include exploring different peptide targeting ligands for HIV
1 (seesection 3.4or examples). Lastly, HIM. has few copies of the gp120 protein on its
surface!®*134 which may present challenges in developing-astfembling viral entry
inhibitors to this virus. Therefore, future work may include exploring different viruses,
such as influenza or8RS-CoV-2,13413523%0r which this platform may be more tafble.

In Chapter 4a GNP immunolabelling strategy was used to elucidate the structure
of HIV-1 and HTL\*1 Env, which are criticaproteinsfor viral entry and are targets for
vaccine developmentn this work, we first demonstrated that-WAPs could beobustly
labeled using the gold nanoparticle immunolabeling strategy the quantity of Env on
V4-VLPs determined through this strategy was consistent with previous reports. These
results suggested that the immunolabeling strategy was suitable foithiddIW-1 and
HTLV-1. However, our experiments revealed that HI\and HTL\*1 VLPs had no
specific immunolabeling eventppssiblydue to the low quantity of Bm These findings
indicate that GNP immunolabeling has potenfial characterizingviruses or ther
biological systems that have relatively high levels of proteins on the surface. For example,
SARSCoV-2 and influenza virus are estimated to have-180 spike proteins and ~400
hemagglutinin proteins, respectiveff:}>>232Conversely, HIV1 has ~714 Env proteins
on its surfacé®3134Future work may include adapting t@&NP immunolabeling strategy

developed here to complete structural evaluations of these viruses. Additionally, the GNP
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immunolabeling strategy could be used as a facile method to characterize key proteins on

emerging viruses.

In Chapter 5, @riblock polymer, PLA-P b MU -PLA, was synthesized and found
to exhibit elasticity, degradability, biocompatibility, and processability. The elastomer
retained elastomeric properties in aqueous environments and Hamllan g6 s modul |
similar to soft tissues. PLA b MU-PUA was found to havegood in vitro
cytocompatibility andfavorablein vivo biocompatibility as an implantable material. In
addition,we demonstrated thRLA-P b MU -PLLA is degradable botm vitro andin vivo
andreadily processable due toiteermoplastic naturd-uture work may include exploring
the effects of triblock copolymer architecture on the material degradation rate and
mechanical properties. Additionally, introducing biologically active components
electroactivitywithin the polymer may render this material suitable for tissue engineering
or other application$’*233234Qverall, theelasticity, degradability, biocompatibility, and
processabilitymakethis polymer valuable for use as an implantable material, and therefore
this elastomer could be explored in the future for use in applications suctedisal

devices, drug delivery devicesnd tissue engineering scaffolds.

In conclusion, this thesis demonstrates the development and applications of both
GNPs ancelastomeric polymers for use as biomaterials. The biomaterials developed have
a myriad of potential future uses in a diverse range of biomedical applications, including
biosensors, medical devices, viral inhibitors, and as tools for evaluating the fumiction
structure of biological systems. Overall, the GNPs and elastomeric polymers reported here
are strong contributions to the field of biomaterials and lay the groundwork for future

discoveries in the biomedical field.
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Appendix 1. Effects of SARE0V-2 spike protein mutations on syncytia formation

Al.1lIntroduction

The current pandemic caused by severe acute respiratory syndrome coronavirus 2
(SARSCoV-2) hasresulted inover 170million confirmed cases and 3 million deaths
worldwide (as of June 1, 2022° SARSCoV-2 infection results in symptoms ranging
from a flulike illness to severe pneumonBARSCoV-2 infects ciliated cells, alveolar
pneumocytes, epithelial progenitor cells, and other cell types in the airway asd*fAig
Destruction of the epithelial lining in the lungsd presence of large, multinucleated
pneumocytes patientsinfected with SARSCoV-2 is linked with the disease severity of
COVID-19 2% Specifically, postmortem lung tissues in ~50% of patieimgected with
COVID-19 (41 patients) showed fused pneumocytes that were confirmed to have SARS
CoV-2 RNA andspike glycoprotei(denoted as S)This denonstraed that COVID-19
infection leads to the formation of cell syncytitarge fused multinucleated cellsn

critical caseg3®

SARS CenWyind cells is initiated by interactions betwe8ARSCoV-2 S

and iIits receptor, angi ot .&%Next the taosmendranei n g
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protease serine 2, TMPRSS2, or other surface/endosomal proteases cleave afd prime
The S protein a trimer composed of three-S2 subunits, then undergoes conformational

changes that result in fusion with the host oetimbraneg?0-241

The S proteirexpressed at the plasma membrane of cells can result in the formation
of large, multinucleated syncytia in the presendde@fACE2 receptot®®-?2This has been
reported for otheraronavirugs including SARSCoV-1 andMERS-CoV, in cell culture
and tissues from infected individu&f8.Cell culture experiments have shown that SARS
CoV-2 infection results inthe expression ofS at the cell surface and fusion with
neighboring cells expressing the ACE2 protefixpression of Sral ACE2 aloneis
sufficient to trigger syncytia formatioeven without other viral proteirté®?4? and
thereforetheexpression o§ and ACE?2 in cell culture can be used asasayo examine
different mutations irS, as differences in syncyti@rmation result?*? In addition, the
expression of TMPRSS2 allows for evaluation of different mutations that affect cleavage
and priming ofS?2* andthe effects of fusion inhibitors or antiviral therapies can be

examined using this cell syncytia as$&2+

Here, diferent mutations in thé& protein were examined for their effects on
syncytia formatior{(i.e., celtcell fusion)using a fluoresceneeased assay. The mutations
included F1148R, D1146A, E1151K, and R1000E. The amino acids F1148, D1146, and
E1151 are in thbeptad repeat structure and the linker region upstream of the heptad repeat
structure inthe SARSCoV-2 S, while R1000 is in the central helix regié¥d.Based on
structural analysisf S, the amino acid®R1000 and E1151 are expected to form a salt
bridge Mutations at these sites are expected to disrupt thbredde andlestabilizehe S

postfusion structureThese mutations are expected to inhibit fusionéstabilizinghe S
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postfusion structure, andhis assay could help identifgritical amino a&ids for this

conformational change.

Various mutations in the cleavage sit€Satere also examined using this assay. As
previously mentioneds needs to be primed and cleaved to mediate fusion and entry. The
mutations P812R, R815P, RR683S, and RR683SS P812R, which are in the furin
cleavage sité?’ were evaluated using this cekll fusion assay, and the effects of the

fusion inhibitor, Camostat, artle Cathepsin inhibitor, E64D, wegssessed

Al.2 Experimental Section

Al.2.1Cell-cell fusionassayfor mutations inSARSCoV-2 S

Vero cellswere maintained inDul beccods modi fied Eagl ed
Cellgro) plus 1@6 FetalClone Il (FC3; Hyclone) ant penicillin/streptomycinRen
Strep; Invitrogen) 24-hoursbeforetransfection, Vero cellsvere seeded at a density of
100,000 cells per well in 500 paf Vero cellmedium without antibiotics (DMEM with
10% FC3) in a 24 well plateCells were transfectedwith plasmid DNA using
Lipofectamine 2000ThermoFisher Scientif)dfollowingthema nuf act ur er 6 s i n:
For transfection0 . 4 € g of the plasmid encoding mChe.l
hACE2, and 0.3 g of-typeB@&VT B)loré&Sutantwere nsedo di n g
Acontrolwi t hout was$ keompplSet ed by t r aamdDf. 6c teign g
of the plasmid encoding mCherryand hACE2, respectively 24- and 48hours post
transfection the cells were counterstained with Hoechst 33342 nuclear stain (1:1000
volumedilutionin PBS for 10 minutes. The cells were then washed with PBS three times

for one minute each. Samples were imaged with a 5x objective on a Zeiss Axio Observer
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inverted fuorescence microscope equipped with 550/650 and 365/445 excitation/emission

filters. Each condition was completed in triplicate.

Al.2.2 Image analysis of cell syncytia

Image analysis was completed in HlldhageJ) to determine theell syncytiasize.
8-bit images were processed by first applying Btensalkar Auto Locathresholding
method with a radius of 10heanalyze particles functioprovided by FIJI was then used
to determine the area of cells. Fluorescence regions wihearsmaller than 150 {frand
cells on the edge of images were excluded from aemlyihe condition without SARS
CoV-2 S was used to determine the background level of syncytia formation. A small
percentage of cells with an area greater than 10G@yereobserved forp $so the percent
of cells with an area greatéran1000 pnt were reported. A total of 9 nesverlapping

image areas for each condition were analyzed.

Al1.23 Cell-cell fusionassay fomutations iINSARSCoV-2 Scleavagesite

Vero cells(p24) were seeded at a density of 100,000 cells per well in 500 pL
medium without antibiotics (DMEMvith 10% FQ) in a 24 well plate. 24hours post
seeding, cells were transfected with plasmid DNA using Lipofectamine 2000
(ThermoFisher Scientif)jcfollowingthema nuf act ur er 6 s i nst0ducti on
€g mCilplasmidy 0. 1 emasmhdACE21 ¢ g plasmid(\whSradded,
and O0OpC&GSARHCoV-2 S (WT S)plasmidor S mutant plasmidswere used. At 3
hours postransfection Camostat or E64D prepared in DMSO were added at
concentrations of 100 and 40 uM, respectively. At 36 hourstpassfection the cells

were imaged with a 5x objective on a Zeiss Axio Observer inverted fluorescence

156



microscope equipped with 550/650 exctatemission filters Each condition was

completed in duplicate.

Al1.3 Results and Discussion
Al.3.1Mutations inNSARSCoV-2 S preventthe formation of cell syncytia

Mutations in the S protejinF1148R, D1146A, E1151K, and R1000E, were
examinedusing thecell-cell fusionassayand compared to wiktype S (WT S)and without
expression of5 ( §). As shown inFigure44, Vero cells were transfected with plasmid
DNA encoding the following: mCherry (to confirm transfectiamd visualze cell
syncytia), SARSCoV-2 S (WT or mutant¥, and human ACE2 (hACEZ2). The cells were

examined at 24and 48hours postransfection.

After 24 hours, syncytia were observed for \§and theS mutantd1146A and
E1151K, whiletheS mutants=1148R and R1000E did not show syncytia @edesimilar
t o tShcenditign Figure 45). At 48 hours postransfection, larger syncytia were
observedRigure46). Again, the WTS, D1146Amutant and E1151Knutantshowed large
syncytia. The F1148R and R1000E mutathitsnotform cell syncytia and wersimilar in

Si ze SBaonditidne o

The images collected at 48 hours were used to quantify cell size. From this, the
percentage of cells with an argaeaterthan 1000 puriwas determined for each condition
(this area wa sScaenditondhabalavegpercertagd di aells (p6%) veith
size greater than 1000 @ngFigure 47. These resultsuggest Vero cells readily form small
syncytia, as some syncytigere observedithoutSp r o t 8, FI148R, gnd R1000&ad

a significantly lower percentage of cellith an area greater than 1000 {ims compared
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to WT S. Although somelarge syncytia wre observed, thdd1146A mutation had a

significantly lower percentage of cells with an area greater than 1080 um

These findings suggest that F1148R and R108@0&&ns strongly disrupt binding
between thes protein and ACEZ2In contrastthe D1146A mutantresulted in fewer large
syncytia, suggesting this mutatiomay disrupt binding to a small exteatd theE1151K
mutant does not affect the formationsyincytia. Other quantitative assays, such as cell
entry or immunofluorescence assaysay provide more insighinto the S protein
mutations Overall, these results suggest thatrtheantsF1148R and R1000E may affect
the postfusion structure of, althowgh additionalstudies should beompleted to assess

whetherthesemutatiors result inthe expressn of functional S at the plasma membrane.

A1.32 Mutations in theSARSCoV-2 Scleavage ite preventtheformation of cell syncytia
SARS Centryisdnitiated by interactions betweé&and its receptoACE2,
followed by cleavage and priming 8fwith the surface protease TMPRS$®%0 different
entrypathways have been proposedSARSCoV-2, including earlyand latepathways.?®
Early entry involves direct fusion with the cell membrane, wAIMMPRSS2 mediate$n
contrastjate entry involves endocytosis of the virus, whiefuires cathepsin, a lysosomal
proteas&® Camostat mesylate and E64D, known inhibitors of SARS-2 viral entry,

inhibit early and late viral infection, respectivéfy.

In this assay, Vero cells were transfected with plasmids encoding mC&eand
hACE?2 (Figure 48). Also, cells were transfected either with or without TMPRSS2, as
shown inFigures 49 and 50, respectively. After 3 hours pestansfection, Camostaind
E64D were added, followed by imaging the cell syncytia 36 hourstaosfection.

Images of cell syncytia with TMPRSS2 are showirigure49 with or withoutinhibitors
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(Camostat or E64D). Theautant, R815P, inhibitedyngytia formationin the presence of
TMPRSS2, while P812R, RR6&5S, and RR683SS formed syncytia similar to pCG
SARSCoV-2 WT S) whenTMPRSS2was expressepCG-SARSCoV-2 § RR6823SS,

and RR6823SS P812R had very small to no syncytith the addition bCamostat The
syncytia for P812R were slightly smaller in the presence of Camostat but not completely
inhibited from forming.With E64D, all cell syncytia looked similar to those without
inhibitors. Without TMPRSS#gFigure 50, pPCGSARSCoV-2 S, P812R, and RR682SS
P812R showed the formation of large syncytia. RRB83 and R815P did not show
syncytia. With the addition of E64D, the syncytibserved foP812R and RR683SS

were smaller.

In the presence of TMPRSSEamostat inhibited cell syncytia with pEE&ARS
CoV-2 S, but E64D did not affect the ced{ncytia. This is consistent with previous work
showing thafTMPRSS2mediated fusion is the dominant pathway for fustSrRR682
3SS and RR683SS P812R were similar MWT S. Also, RR6823SS did not form cell
syncytia without the presence of TMPRSS2, suggediiag this mutation relies on
TMPRSS2 for cell fusion. The P812Rutantdid not appear to have a preferential pathway
for entry and fusion, as neither E64D nor Camostat completely previrgtaimation of
syncytia. Additionally, the P812R mant restored the formation of the cell syncytia
without TMPRSS2 in the RR682SS P812R mutant (the RR683S mutant did ndtave
cell syncytia without TMRPSS2). The R815P mutation, a critical cleavage site for SARS
CoV-2, disrupted the formation of cell syncytia both with and without TMRPSS2,
suggestingthat this mutation prevents fusion via both pathways. Overall, this work

identifies key mutationan SARSCoV-2 Scritical to disruping syncytia formation
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Figure44. Cellcell fusion assaysed to evaluate mutations in SARS8V-2 S The fusiol
assay was completed by transfecting Vero cells with plasmids for mCherry, Sppké€
wild-type (WT) or mutants), and hum&CE2 (hACE2) cell receptor. After 24 or
hours, the celkyncytia were imaged using fluorescence microscopys Thage we
ad apt ed AAVrPomductiogh by Triple Transfectian, by Bi o Re2d.

Retrieved from https://app.biorender.com/biorereenplates
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Figure 45. The celtcell fusion assay 24 hougsosttransfectionSARSCoV-2 S

mutants.The pink color is the mCherry protein present in cell syncytia, and th
color corresponds to the cell nuclei counterstain, Hoechst 3&84k bar is 2C

um.
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Figure 46. The celicell fusion assay 48 houmgosttransfectionSARSCoV-2 S

mutants The pink color is the mCherry protein present in cell syncytia, and th

color corresponds to the cell nuclei counterstain, Hoechst 3384 bar is 200 pr
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Figure 47. Percentage of cellwith an area greatehan 1000 prh at 48 hours post
transfection. The percentage of cells with an area greater than 160¢eperanalyzed for
each mutant. Error bars represent standard deviation, ns=not significaatu&s0.05,
**ekp -value<Q05, ***p-val ue<0. 000kay WeNOWA swilt h Dunne

n=9.
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Figure48. Cellcell fusionassayused to assess mutations in the SARS/-2 S cleavac
site The assay was completed by transfecting Vero cells with plasmids for mCherr
(either wildtype (WT) or mutants), humaCE2 (hACEZ2) cell receptor, and TMPRS
Either E64D or Camostatereadded 3 hours poestansfection. After 36 hours, the ¢
syncytia were imaged using fluorescence microscopy. This image deased fror
AAAV Production by Triple Transfectian, by Bi o R@IM.Retrieved &rar

https://app.biorender.com/bemdertemplates
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Figure49. Fusion assay for SARSoV-2 S cleavage mutan{86 hours postransfection,
Cells were transfected with TMPRSS2. The red color corresponds to expres
mCherry in transfected cells. The fusion assay was completed with either nooir,

Camostat, or E64D. Scale bar@0um.
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Figure50. Fusion assay for SARS0oV-2 S cleavage mutan{86 hours post transfectia
TMPRSS2 was not transfected in this assay. The red color corresponds to exprt
mCherry in transfected cells. The fusion assay was completeceithittr no inhibitoror

E64D. Scale bar is 2Q@m.
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