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ABSTRACT

Galectin3 isb-galactoside bindg protein which is found in many healthy cells.
In cancer,hie galectin3/tumorassociated Thomsefriedenreich atigen (TF antigen)
interactionhas been implicateth heterotypic andhomotypic cdularadhesion and
apoptotic signalingpathways. Howevei stronger mechanistic understanding of the role
of galectin3 in these processes is needédcetyllactosamine (L&RAC) is a nornative
ligand for galectif3 whichbinds with compardb affinity to theTF antigen and
therefore an impdant ligand to study galecti® mediated processes

To study galecti¥r8 mediated homotypicellular aggregationpir generations of
polyamidoamine (PAMAM) dendrimers were functionalized WHacetyllactosamine
using a fowrstep chemoenzymatic route. & bBnzymatic step controlled the
regiochemistry of the galactose additioM\t@cetylglucosamine functionalized
dendrimers using a recombindnl,4-Galactosyltransferas&JDP-4 -&al Epimerase
Fusion Protein (IgtByalE). Homotypic cellular aggregation, whis promoted by the
presence of galecti8 as it binds to glycosides at the cell surface, was studied using HT
1080 fibrosarcoma, A549 lung, and Eli45 prostate cancer cell linda the presencef
small LadNAc functionalizedPAMAM dendrimersgalectin3 induced cancer cellular
aggregatiorwas inhibited Howevet the larger glycodendrimemsducedhomotypic
cellular aggregation.

Additionally, novel poly(aryl ethe) dendronizedilica surfaceslesigned for
reversible adsorbtion of targeted analytesesynthesizegdandcharacterization using-X
ray Photoelectro®pectroscopy (XPS) was performédsinga Cu(l) mediated
cycloadditionii ¢ | i ¢ k § b-ayotodegtitinivas appendetb dendronized surfacesa
triazole formatiorand also to a nedendronized sugice for comparison purposédrst
generatiorG(1) dendrons havenore than 6 times greater capaddyadsorb targeted
analyteghan slides functionalized with monometiecyclodextrin andare2 times
greater thamslides functionalized witharger generatin dendronsThis studyreportedb-
cyclodextrin functionalized surfaces can undergo a triggered releaseanfsibrdat, but
otherwiseretairedthe targeted analyte through multiple agueous wa3lmesefore a
new generation of G(1) dendronizearfacesapable of reveriisle adsorption were
developedy heterogeneously appendisglfonic acid/pyridine engroups Auger
Electron SpectroscopAES) was used to quantify the ratio of groups installed
Furthermore, G(1) dendronized surfaces were functionatimsetbgenously with sulfonic
acid and pyidine for comparisoandwith chiral amino acid$or chiral recognition
studies.
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CHAPTER ONE

INTRODUCTION TOMOLECULAR RECOGNITION AND CATALYSIS IN

SUPRAMOLECULAR SYSTEMS

MolecularRecognitionin Supramolecular Sysms

The field of supramolecular chemistry broadly includes the interdisciplinary
study, design, and synthe®f molecular assemblies tretdow novel functionalities that
can direct selective recognition, catalytic and chemical reactivity, and thestrahsf
energy or molecular information through means of various noncovalent intermolecular
forces® ? Although these individuahteractions are inherently weak, for exanple 4
kJ mol* for van der Waals intections,compared to ionic or covalent bond strengths
(418 kJ mof for a covalent bondetween hydrogen and carbamd 786J mol* for the
measuredattice energy for NagJcomplex molecular structures in negthave evolved
to utilize multivalenforcesin many biological processés.Non-covalent interactions
facilitate sibstrate binding in signaling pathwayson cell membranefor protein
folding, andin biological architectures such as the double strandecahsltructure of
DNA.>*° Early developments of synthetic systems include crown ethers, spherands, and
cryptand$®*3 which contained molecular assemblies that used lm#specific and
specific interactions for selective recognitigiigurel). These systems set the
precedence for the development of complex synthetic supramolecular systems, self

assemblieshiomaterials and nanomateriafs.
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Figurel. Schematic of molecular recognition complexa&sCrown ether complex.
Adapted with permissioffom Pederseet al®. Copyright (1967) American Chemical
Soci et y. guedthost Gompleddapted with permission from Craet af'®.
Copyright (1985) American Chemical Sociefyc ) L e h n GAdaptedwitltpt an d .
permission from Dietriclet al**. Copyright (1969)etrahedron Letters

Molecular recognition is the interaction between two or more molecules that bind
noncovalentlythrough interactions uc h as v an dseackingMeydrdgenf or ce s,
bonding, electrostatic, hydrophobic, hydrophilic, and steric interaction. These non
covalent interactions determine the selectivity of the receptor for the substrate and the
length of time the complexatiarccurs. Traditionally, the approach for selectivity in
supramolecular systems was driven by the design of the receptor. However, this has since
been broadened to include ligand design and the microenvironment of the interaction.
These approaches have beetensively discussed in notable reviéws?’ Using either
approach, the specificity of the complex can be tuned to be stereospecific, selectively
bind targeted biological substrates, ions, or classes of aompo

The length of time the association between ligand and receptor occurs is greatly

influenced by the nogovalent interactions involved in the guésist complex. These

forces can range istrength from approximatelyk mol* for dipole-induced dipte
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interactions to 4&J mot* for very shortstrong hydrogen bonds. Although these-non
covalent intermolecular forces amdativelyweakwhen compared to ionic (33850kJ
mol?) or covalent (63920kJ mol*) bonds, this enables the reversibility ofnpdigand
substrate complexes, although multiple interactions can be invdfvEtReversibility
can be an attréiwe quality for applications asynthetic frameworks and materials. In
many systemthere is a glect correlation betweeincreasimg association constants and
additional positive interactions. However, even with multiple forces enhancing the
interaction, these monomeric binding eeoan still be relativelweakwith measured
disassociation constan(Kp) in the micomolar range. Because of the relative weakness
of these associations, they are not physiologically relevant in biological pathways.
Therefore nature has evolved to use multiple recognition events to increase the affinity

and specificity wer the monomeric recognition event.

Multivalent Interactions

Multivalency is defined by multiple molecular recognition events that occur
betweermultiple ligands displayed on one framework, wiggtbiological or synthetic,
andan array of receptors orsacondary framework:?* This term is used to describe a

wide variety of interactions, some of which are depicted in Figure 2.
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Figure2: Schematic of different types of multivalenteractions.

The statistical effect, which is depad in Figure 2b¢can be envisioned as a
framework which displays multiple copies of thengaligand that bind to a receptor
binding site The firstligand complexes with the receptor for a period of time and then
disassociates from the receptor. Unlikm@novalent binding event (Figure 2a), once this
binding event occurand the ligand diffuses awdlyere is a second ligamadl close
proximity to the first which is available to bind. This can continue to repeat with the
ligands thatre displayed on theadmework effectivelyincreasinghe time the

framework is associated with the eptor.
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Thechelate effec{Figure 2c) describes tlomoperative entropistability of the
complexation of two tethered ligands over the binding of the two monovalent ligands.

In molecular recognition events where two substrates are required to bind to one receptor
the entropic energy associated with bringing three entdgestherin a sterically

congested environment can be signifidanthe overall thermodynamics of thading

event. Assuming positiveooperativityandan overallnegative change in enthalpy

between the bound and unbound staasppreriate linkerbetween two or more

ligands can reduce the entropic energy of the second binding?vent.

Receptor clusteringvhich is represented in Figure 2d, is the result of multiple
ligands bound to an array of receptors. As the ligands bind to the receptors, the receptors
are reorganized. This+matterning of receptors is involved in a variety of cellular
mechanisms such asrhotypic cellular aggregation, chemotaxis, and signaling
pathways+?

In a bivalent interaction (Figure 2e) two frameworks which display multiple
ligands can bind intramolecularly to a single oligovalent recepta,single framework
can bind bivalently to the same receptor. One can envision the preference for either
interaction is impacted by the thermodynamic stability of the complex which is
influenced by the distance between the bound and unbound ligandstimee between
the receptors, and the rigidity of the scaffolds.

This is by no means meant to be a comprehensivef let multivalent
interactions Within this small representatiaf multivalentmethods of interactingne

could envision various itations of a single example suchvasying the nature of the
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ligand/receptor event, displaying thgands and receptors heterogeneously, and
diversifying the saffolds.It is this accessible variability imultivalent recognition events
which isused to ahance selectivity and avidity in manglogical signaling pathways
such agell-cell recognitionjnnate immune responses, virus and bactemediated

cascade events, and cancer cell recognffich.

Dendrimers

Dendrimers are highly branched, symmetrical moledalesed bya reiteative
synthesis that increases thigeof the polymerndthe number of terminal groups with
every reaction cycle. Dendrimers have been synthesized with two general approaches
and are shown schematically Figure3.>* The divergent synthesaf a dendrimer, first
reportecbyFr i t z V™~ gdedcrbedithe symti®esisSof laggeritiesthat had the
abilitytoformgueshost i nteractions with targeted
| i ke o ohaiftinioke & i fia@he reitermtve synthesis started with a reaction
of a diamine and acrylonitrile ich efficienty added two cyano end groupseeery
amine availableThe cyano groups were reduced by cobalt(ll}¢atalyzededuction
regenerating new terminal amines that could further undergo théixepet
transformation.

Using the reiterative syhetic approaclkor the synthesis of dendrimer subunits
followed bytheirattachment to a central cotbe convergent synthesis waesscribed by

Fréchet and Hawker ii990%* Dendrons (Figure 3b) were synthesized from a core
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monomemwhich could beenlargedn the same waly repetitive sequential synthetic

sters. As with the divergent synthesis, this expuaraly increased the number of

terminal enegroups as well. Nl a final stepthe dendronser e ficonver gedo by

to yield asymmetricaldendrimer.

Figure3: Schematic representation of a (a) dendrimer and (b) dendron.

Poly(amido amine) (PAMAMXendrimergFigure4) aredynamic polymers first
synthesized by Tomaliet alby a divergent synthesis using a sequence of reiterative
steps 3 The first generation of PAMAM (GO PAMAM) dendrimer is synthesized by
Michael additions of a methyl ester acrglad an amine core followed by an amidation
reaction with ethylene diamine (Figure 4 black core). Each time these steps are repeated,
a new generation of PAMAM dendrimer is produced dnednumber of terminamino
groupsaccessibldor functionalization $ doubled (Figure 4 generation 1 and generation
2). Each new generation is produced uniformly and is systematically increased by 1 nm
in diameter with a measured polydispersi(M,) of approximately 1.0 whend,, is
theweighted averagmolecular weipt of the PAMAM andM, is the numbeaverage

molecular weight’
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Figure4: Schematic of a () polyamidoamine dendrimer.

The repeatinginits of the PAMAM architecture mimic a protein backbone which
provides a flexible and dynamic scaffolthis scaffold shows conformational changes
but structural stability in a range of pH, ionic strengths, and solvent pof&fitbyough
functionalization or masking of the cationic end groups, these scaffolds are non
cytotoxic, biocompatible, and némmunogenic®®*° Theiravailability in a diverse
range ofsizes andsurface functionalityflexibility, and biopermeabilithas allowed them
to be depedable platforms for biomimigy nanomedicine, as encapsulati@ssels and

chelates fodiagnostic imaging agentas well as for therapeutic delivefyj*°
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Molecular Recognitionvith PAMAM Dendrimers

Galectin3.

Lectins are a family of proteins that contain recognition @osithat specifically
bind carbohydrates. Within this family of carbohydrate binding proteins, a major group
called galectins consists of fourteen known proteins that recogaibehydrates wita

terminal b-galactosidé’ All galectins contain a highly conserved carbohydrate
recognition domain (CRD). For all known galectins, either they contain a-@Ribas
with galectinl, 2, 3, 5, 7, 10, 13, 14nd 15%r two CRD as with galecti, 6, 8, 9, and
12. Galectir3 isthe only member of the galectins in invertebrates defined as a chimera
type.Galectin3 has a second-irminal, collagen like domain which distinguishes this
protein in this class (Figure 5). This terminal collagen like tail is currently considered
unstrictured. Galectir8 is known to dimerize through na@ovalent interactions between
the tails of the monomeric proteins. Higher oligomerization states have also been

reported when the concentration has been incre&s&d.

a.[CRD][collegen-like tail] b.

Figure5: Schematigepresentatioonf galectin3. a. CRD and NMerminal domainb.
Dimeric form of galectir3.
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Galectin3 isan intra and extracellular protein which has been implicated in the
regulation of inflammationmRNA splicing, adhesion, and apoptotic signaling
pathways? ** *!During pathological expressipothis protein has been shown to be up
regulated in many types o&ncer It has beemlemonstrated to play a rdvethin
apoptotic signaling pathways and homotypic and heterotypic cell adhesion in metastatic
cancer?°® Zhaoet d. reported galectit8 mediated canceetular aggregation is
promoted as it binds to a heavglycosylated transmembrane protditucin-1(MUC-1),
at the cell surfac&" °’MUC-1 which is typically found on the apical face of healthy
epithelial cells, is found to be over expressed and covering the etititarcgeurface of
carcinoma cells. In addition to thi®IUC-1 on carcinoma cells has been shdwhave
aberrant glycosylation which caugdes protein to have an atypical truncated glycan layer
exposing theumor-associated Thomsefriedenreich antigen fantigeny? >* 8
Galectin3 binds to thif-galactosideclustering the surface proteins, whighturn
exposea d hesi on mol ecul eGalaaosides muttivalendly bindtes sur f ac
galectin3 aggregags to elicit this biological responskhis allows for cellular
aggregation to occyFigure6). ** *° ®°Given the implications of galecti® in more

aggressive cancer phenotypes, fiistein is an attractive target in cancesearch? °* %



11

A A4 B) QU TFagMUC1
¢ (Qilz #E s 0 ¥ y
?MU(H 2

QA Cancer
dd | cell
Healthy -
epithelial =~
cell ’»4 ()

v
ao U
iy Adhesion

molecules

g
<

S Q o
K& > Cancer 5O
“o Cancer - cell =

= cell o _
& =2 0]

o - AP

) 1 J A2 SR )\
o Ao ¥ a0
oS o

Figure6: Galectin3 mediated cancer cellular aggregation. (A) a healthy epithelial cell
expressing normally glycosylated MU@®n the apical surface, (B) Loss of apical
polarization and aberrantly glycosylated MUC1 is expressed over the entire surface of the
cancer cell, (C) MUC1 is clustered on the cell surface, adhesion molecules shown in
purple are exposed inducing cellulgigeegation. Reprinted with permission from Michel

et al®® adapted from Yt al®®

Galectin3 andb-Galactosides

The CRD of galectit8 has a concave binding domain which specifically hosts
galactosidegFigure7).%® 154 %%t can accommodate four saccharides in its four
specified domains A, B, C, and D. A fifth binding domain, E, has also been identified yet
has not been structurally dedéd (Figure8). The C binding unit, which is specific for
galactose binding, is highly consenactoss the galectin family of proteirisis adjacent

to D which binds the second sugar of the disacch&fide.
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Figure7: Ribbon diagram oN-acetyllactosamine in the binding pocket of the CRD of
galectin3 was created in PMOf®
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in Figure 2 with the four established subsites indicated as A, B, C and D and a more
loosely defined proposed site asReprinted with permission from Lefflet al*®

These two subunits have a Kf 220 uM for binding to lactose67 uM for N-
acetyllactosamine and 48M for TF antiger?®®® Although TF antigen is thenative
ligand for galectir3, N-acetyllactosamineand lactose havelose enoughbinding

affinities that they aremportant ligand for the studyof galectin3 mediated cancer

cellular aggregation.

an
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Carbohydrate/Protein Study wiMrAcetylladosamine Functionalizeldendrimers

Because PAMAM dendrimers are available in different generations which are
uniform in size and reactive surface groups, they have been an attractive scaffold for
studies of multivalent interactions. Additionally, becaus®&”M dendrimers have the
ability to display a functional ergroup multivalently, they have also been an attractive
framework to elicit enhancement in specificity and avidity in a plethora of biomedical
and nanomaterial applicatiaf$®*?Thi s scaffol dés robustness
There is precedence feynthetic manipulation of PAMAM dendrimers with
carbohydrates and the characterization of heterogéHéusand homogenod$ ”*
glycodendrimers. The development of frameworks to mimic the polyvalent carbohydrate
protein interactiompresent in the metastatic cascade broadens the understanding of
galectin3 mediated proteisarbohydrate interactions in cancer pathways. Wellait
synthesized a series of PAMAM dendrimers functionalized with mannose, a known
ligand for legume lectin @hcanavalin A (Con A¥® This sudy revealed that the smaller
mannose functionalized dendrimers bind Con A monovalently. This is a result of the size
of the dendrimers and therefore the accessibility afrmoae on the dendrimer for the
carbohydrate binding domains. The larger dendrimers had an increased activity of two
orders of magnitude over the monomeric saccharide. This enhanced activity suggested
Con A was binding the larger dendrimers multivalerffiyurther demonstrating the
tunability of these systems, heterogeneously glucose/mannose functionalized dendrimers

were synthesized and characterized by NMR and MALDI. A series of the larger
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generations endrimers, which increased mannose surface presentation, further
demonstrated polyvalent avidity as a result of the multivalent displ&sther studies
of carbohydrate functionalized PAMAM dendrimers demonstrated their ability to
enhance binding through multivalency and established them as a uskfalsnaly
carbohydrate/protein interactiofts”® ™ "®7 |n a study of galecti3 mediated
homotypic cellular aggregation using four generations of lactose functionalized PAMAM
dendrimers, Michegt al foundgalectin 3 induced aggregation could be inhibited by the
smallest glycodendrimers (generation 2). It was also found that the largest functionalized
dendrimer, generation 6, induced cancer cellular aggred&tioma previous study
Wolfendenet al. showed the avidity of the multivalent associations in carbohydrate
functionalized PAMAM dendrimers/lectin binding can be predicted by the association
constanbf the monomerianteraction which was described by Whitesidi@®del shown

in Equation 1°* %

KNPOLY:K( MONO) UN (eq 1)

POLY:
)

In Equationl, the polyvalent binding of a ligandK( should be equivalent to

the monovalent intection (K M°"°) raised to the number of ligamdceptor interactions
(N) multiplied by a cooperativity factou )‘9Ajthoughthe monomer binding strength of
methyl D-mannoside and methyl-Blucoside only differed by factor of 4, mannose

functionalized PAMAM dendrimers had a measured activity of almost 16 fold greater

than glucose functionalized PAMAM dendrimers in hemagglutination assays of €on A.
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The hypothesis which guided this work is that althoNegicetyllactosamine
(LacNAC) is a nonnative ligand for galecti3, it bindswith three fold higher dinity
than lactose and with comparable ritfy to TF antigen. Therefore, LBAC is an

important ligand for the study of galectthmediated processes.

Molecular Recognition witlDendronized Surfaces

Poly(benzylether dendrons.

DendrongFigure3b) are dendritic macromolecules which were first reported by
Hawker and Fréchettal. i n t he-gfi oavi \heragpemtoacho for den
synthesis? As previously discussed, the synthesis is reiterative, much like the divergent
synthesis of dendrimers. The size of the dendron is uniformly increaskttie number
of terminal groups doubles with each synthesis of a new generation. Poly(benzyl ether)
dendrons contain core aryl ethers decorated with peripheral propargyl groups which were

incorporated for further functionalizatioRigure9).%>

Generation 1 Dendron Generation 2 Dendron Generation 3 Dendron

Figure9: Schematic ngresentation of three generations of poly(benzyl ethemjirors.
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Coppercatalyzed azidalkyne g/cloaddition (CUAAQC).

In 1964Huisgendescribed theynthesis ofive membered heterocyddy a
concertedL,3-dipolarreactionof a 1, 3 dipolar molecule araddipolarophile’® * Further
he demonstrated the synthedidgr@zolesformed from the 1, ®ycloaddition ofan
alkyne and azideCommonlythese reactions were performatelevated temperature
with bothregioisomers beinfprmed.Rostovtsevater reported that these reactions, when
catalyzed by copp€t) were not only egioselectivdor 1,4triazole formationbutalso
tolerated a wide scope of substitution on both the terminal alkynes and A&deducts
werealsofound to beeasily accessiblat room temperatur€opper (I) could readily be
used as a salt or could be generated with a redystasit as ascorbic agiitom copper
(1) salts such as copper sulfa@opper(l)-catalyzed azida@lkyne transformations to
form triazoles have been reported to be high yielding and with a broad scope of reactants.
Therefore this Huisgen 13-cycloaddition varianprovides an efficient method to install
a desired modification to ¢hiterminal alkynyl groups of th@oly(benzyl ether)

dendrong®%

Synthesis ofunctionalized Poly(arylether) Dendronized SurfaCagable of Adsrption

of Organic Analytes

Non-covalent interactions in moleculegcognition events determine the

selectivity and the length of time the complexation ogclinereforeg the development of
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surfaces which areapable of specific and reversible absorption of organic analytes from
agueous solutionsan be accomplished leyploiting thesenoncovalent interactions
Chlorobenzeneand chlorophenolare aclassof compoundghatare common
agricultural and industrial pollutanits which some isomers have been designated as
carcinogenic or as suspected carcinod€igure10).>® *°° Chronic exposureo these
compours has been linked to cell toxicity in the endocrine, hepatic,alegical,
dermal, immunological, and renal systefis®? Therefore, thesynthesis and
characterization adurfacesapable ofargetng this class of compous@nd undergmg
triggered dadsaptionwould be auseful tool for theinderstandingnd development of

newseparation systems

Cl Cl Cl Cl
Cl- i Cl
cr ; Cl Cl Cl
Cl OH OH OH

FigurelQ: Schenatic representation ahalytescapable of guedtost interactions with
the dendronized surfaceshlordbenzenesnd chlorophenols

b-Cyclodextrin functionalized poly(arylether) dendronizedaces

b-Cyclodextrinsarecomposed of sevetovalently linkedglucopyranosidenits
This barrel shapgmoleculecontains a hydrophobic interior withbe78nm cavty.'%®
Because of this hydrophobic cavifycyclodextrin has been shown to hdsreorable
guest host interactionsith a variety of organic compound¥°® Schofieldet al.

reported the immobilization d@fcyclodextrins onto a hydrophobic pulsed plasma

deposited poly(4/inylboenzy chloride) surface. These surfaces were then shown to
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capture a series of chlorophenatsd chlorobenzenes. Furthesre Schofieldet alwere
able to trigger deadsorption and quantify the guest mole(filgsre11). Secondary
hydroxyl groupsof the oligosaccharide, whidime the interior of the molecular
assembly, have a pKa of approximately 18dbmersion of the surface into a basic
buffer destabalizedhe hydrophobic cavity bgreatng coulomb repugionswhen the
hydroxyl groupsnvereconverted to their corresponding alkoxides. This repulsion

therefore triggerdthe release of thencapsulatethrgeted guest®

Release o ® ©
(pH >13)
TEY = L -
(pH < 11)
Capture 100 um

Figurell Schematic representation of the triggered release of an organic analyte from
betacyclodextrins Reprinted with permission from Schofietlal. Copyright 2013
American Chemical Society

Poly(benz/l ether) dendronarean attractive scaffold for this study because they
areavailable in different generations which are uniform in sizeamadlecorated with
peripheral alkynyl groups that can be further functionalized. The core of the dendron has
a leaving group that allows for the dendron to be anchtwedsurface. In addition to
this, the terminal alkynes can readily underddugsgen 1 3-cycloaddition variant

reaction to modify the alkynyl engroups.Synthesizing series opoly(benzyl ether)

dendronizedsurfacesand further modifying théerminal enegroups withb-cyclodextrin
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will be an important tool for the study of the effects of dendritic frameworks on the

capture of targeted analytes.

Heterogeneoususfacesdesigned for reversible adsorption.

After developing the synthesis anetnodology for the characteation of heb-
cyclodextrin functionalized poly(arylether) dendronized surfattés same methodology
wasapplied to the developmeaot surfacesapable of bindinghe same targeted analytes
in the absence of tHecyclodextin.

The poly (arylether) endronsare poposed to accommodathlorophenols and
chlorobenzeneas guest molecule¥ he t-‘otiadt €éracti on binanding e
to-face confirmation, of bezene is approximatel).717 kal/mol. With the addition of
substituents, the calatkd interaction energetics are additwelin most caseas high as
~-3.58 Ical/mol°” In addition to the nowovalent interactionsetween two substituted
aryl compoundghe array okubstituted aryl groups provide flexibility within the
recognition sitén the absence of metular structural specificity. Further modification of
theterminal alkynewill add stabilizéhe complex. Br exampleat neutral pH amino
acids will formsalt bidgesbetweercarboxylateand substituted ammonium groups. With
a change in pH, this interaction can be destabiliafgeting the total interaction
energetics of the gtacking and therefore trigger the release of the anabfigufe12).
Furthemore, theefficiency of these dendnized surface® bind targeted analytesan be
guantified, and further modifications can be adapted in the synthesis of the dendronized

architecture.
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Catch Trigger Release
(m — m interaction) (pH change) (Coulombic Repulsion)

Figurel2 Schemat representadn of reversible deadsorption atargeted analyte (a)
molecular recognitioand (b) disruption ofion-covalent reactionthrough pH change.

The hypothesis which guided this waskhatnon-covalent interactions
molecular recognitiomallow for the development of surfaceapable otelectiveand
reversible absorptionf@rganic analytes from aqueosisiutions The efficiency of a
synthetic surface to bind targeted molecules is dependent on the design of the complex
and therefore the tal interaction energetics associated with the sysié@efore

dendronizedrchitectures that can specifically htaiget analytes were proposed.

Chiral Polyérylether) Dendronized Surfaces.

Because there aewide variety of applicatiors usingchird recognition by
surfaces in industrial processes, pharmaceuticals, and antigsissign of new,

synthetic, chiral surfacds an area of significant intere$f*'° Chiral discrimination is
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the strong seleatity of one enanbmer over the other in recognition events. Although
thedifference in interaction enerdpetween a pair of chiral species carabesmall a2
KJ/ mol,nature can recagze biological substrates with specificity. An example of this is
metbolic chiral discrimination for Bugars and {amino acidsOnemajorchallenge
with chiral recognitiorby surfaces is thimability to perform with such selectivity™* **2
The synthesis dd chiral organicmonolaye would providea surface displaying terminal
chiral endgroups with a high degree of homogeneitglthereforecontrol over the
enantioselectivity of the surfad& 113114

The synthesis and characterizatidriendronizd chiral organic surfaces
provides dendritic scaffolds that display chiral egcoupswhich can benalyzedy
XPS. Further, dendronized surfaces will be functionalized with chiral amino acid S
proline Coreyet al.demonstrated that the intratecular aldol condensation of two
ketones could be catalyzed byp®line in the total synthesis of DesogestféList et al.
reported droad scope of thiamine basechimic of Class | adolasés® This class of
enzymes catalyzébe GC bondformation of an aldol reaction througih enamine
mechanism. fieagymmetric alcbl condensation between acet@ma substituted
aldehydesatalyzed by proline in high yieldsd enatiospecific preferenceras

described Figure13).1*°
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Figurel3: Proposed Enamine Mechanism of the Proline Catalyzed Asymmetric Aldol
Reaction by Liset al*'® Reprinted with permission from List al. Copyright 200
American Chemical Society.

Elmekawyet al.described the synthesis ofpfoline functionalized silica get’

He reported thefficiency of thetetheredorolineto catalyze thasymmetricldol
reactions. He demonstrated their scope with a variety of preyidastribe

reactions-'° It was reported the supported e had greater activity than proline alone.
In addition to this, theatalytic activityof the surfacgersisted through multiple reaction
submissions.

The hypothesis which ged this work is that chiral dendronized surfaces would
efficiently mediate kiral recognition evest Therefore chiral amino acids were installed
ongeneration dendronizedurface Furthermorea generation 2 dendronized surface
was also modified witls-proline These two generations of chiral proline functionalized
dendronizesurfaces can further bestudied for their efficiency to recruit and adsorp

prochiral species and catalytreeir asymmetricaldol condensation
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Summary of the Research Described Herein

To further explore the carbohydragteotein interaction in celtell remgnition,
this dissertation reports tifigll syntheses oN-acetyllactosamin&nctionalized
generation 2abbreviatd as G2), generation 3G(3)), generation fou(G(4)), and
generation §G(6)) PAMAM dendrimes. Further,N-acetyllactosamine funicinalized
dendrimers were used galectin3 mediateccancercellularaggregation assays. The
synthesis and the results of these studies are further discussed in Chapter 2.

This dissertation will additionally focus on the functionalization and
characterization ddilica surfaces. The synthesisfe€yclodextrin functionalized surfaces
and the methodology for characterization byay Phdoelectron Spectroscopy (XPS) are
discussed in Chapter 3. Surfaces designed and synthesized for reversible adsorption are
discus®d further in Chapter 4, anket synthesis of chiral organic surfaces is described in
Chapter 5The conclusion of thgalectin3 mediated canceellularaggregation assays
and their comparison to previously described studies using lactose functionalized
PAMAM dendrimer, and the conclusion of the synthesis and characterization results of

the functionalized dendronized surfaeeesummarizedn chapter 6 of this thesis.
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CHAPTER TWO

THE SYNTHESIS OIN-ACETYLLACTOSAMINE FUNCTIONALIZED

DENDRIMERS AND THEIR ROLE IN GALECTIN-3 MEDIATED CANCER

CELLULAR AGGREGATION STUDIES

Contribution of Authors and GAuthors

Manuscripp in Chapter 2

Author: Jessica. H Ennist

ContributionsPerformed experiments and obtained results for all syntheses. Performed
expressiorand purification of Galecti3. Performed cancer cell homotypic aggregation
studies and analysis.

Co-Author: Co-Author: Mary J. Cloninger

Contributions: Primary Investigator. Conceived of the project and provided funding.

Provided guidance throughout thmject. Provided feedback and edited drafts of the
manuscript.
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Abstract

Galectin3, a member of the family of lectinshich contain a carbohydrate recognition
domain that recagzesb-galactosides, is overexpressed in many types of cancer. The
galectin3/tumorassociated Thomsefriedenreich antigen (TF antigen) interaction has
been proposed to play an important role during heterotypic and homotypic cell adhesion
and apoptoticignaling. However, a stronger mechanistic understanding of the
multivalentrole of galectin3 in these processes is neede@cetyllactosamineor 2-
acetamide?-deoxy4-O-b-D-galactopyranosyD-glucopyranose (La¢Ac) is a non

native ligand for galecti3 that binds with comparable affinity to the native ligand TF
antigen. Therefore as an important ligand for the study of gal@ctindiated processes,
and since multivalent binding of galactosides to gale®t@ggregates is necessary in
order to elicit a lmlogical response, L&Ac poly(amido amine) (La&¢Ac PAMAM)
functionalized dendrimers have been synthesized, anbasdid assays with these
compounds have been performé&te efficient synthesis of LAAc functionalized
dendrimers incgorates an enzyniataddition of galactose onté¢-acetylglucosamine
functionalized dendrimers. The homotypic cancer cellular assay, whicls aeraa
importantin vitro model for tumor formationindicated that the small glycodendrimers
inhibit galectin3 meditated canceellular aggregation and that the large

glycodendrimers increase cellular aggregation.
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Introduction

Multivalency plays an important role in many cellulacognition and binding
events’®® Synthetic multivalenframeworks for the study and mediation of these events
arebeingincreasinglyrecognizedor their importance*® Monovalent
protein/carbohydrate binding, for example, is usually weak and not physiologically
relevant, and therefore nature invokes multivalent binduegits to increase the avidity
and specificity of otherwise promiscuous ligands that commonly have monovalent
dissociatiorconstants in theM range.?® % 8*The use ofultivalent bioinspiredhano
materialsto gudy cellcell recognition, pathogen mediated cascade events, and cancer
cell recognition pathways has demonstrated how exploiting the affinity enhancement of
multivalent binding systems can be us&de advancement of newultivalent materials
will help wsto better understand both natural and disease states for the development of
potential therapeutics:>?

In efforts to understand the mechanistic role of multivalency in
protein/carbohydrate interactions, thesiyn and development of these multivalent
frameworks to elucidate their role in signaling pathways has become of paramount
importance.’ We and othershiave demonstrated that tunable scaffolds, such as
poly(amidoamingPAMAM) dendrimers® *°can be synthetically modified to present
terminal carbohydrates, homogenously or heterogeneously, and they have been an

important tool to elucidate protein/carbohydrate mediated proc€s5e& 887 120121
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Galectin3, a lectin that contains a carbohydrate recognition domain that
recognize$-galactosides, is a versatile intend extracellular protein implicated in the
regulation of inflammation, mRNA splicing, adhesion, and apoptotic signaling
pathways? ** *!During pathological expression, gatin-3 has been shown to be up or
down regulatedh regulatory pathways dependiog the localization, expression, and
cancer cell phenotypic expressitn®’In cancer, the tumeassociated Thomsen
Friedenreich antigen (TF antigen)/gale€dimteraction has been proposed to play an
important role in the sequential steps of heterotypic cell adhesion to endothelium cells,
promoton of homotypic ck adhesion during tumor formatipapoptotic signaling
pathways, and the expression of more aggressive phendtype¥The TF antigen is
buried within the heavily glycosylated layer on trensmembrane protein Muein
(MUC-1) of healthy epithelial cellS. *Contrarily, on cancer cells TF antigen is more
accessible due to an atypical truncated glycan layer on{¥dd antigen over
expressiort: > MUC-1, which is localized on the apical face of healthy epithelia, can
also be over expressed and delocalized over the whole surface of cancer cells, attenuating
adhesion. However, as galeeBrbinds to the glactosides exposed on MU the
protein clusters the MUQ and effectively polarizes the cslirface displaywhich
exposes cell adhesion molecufés?To elicit a biological response, galactosides
multivalertly bind to galectin3 aggregates, however a stronger mechanistic
understanding of the role of galeeBrin these processes is needed.

In previous studiesve have demonstrated that the aityivof the multivalent

associations in carbohydrate functionatiZZAMAM dendrimers/lectin binding can be
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predicted by the association constairthe monomeric interaction. Mannose
functionalized PAMAM dendrimers had a measured activity of almost 16 fold greater
than glucose functionalized PAMAM dendrireen hemaggltnation assays using
Concanavalin A, a plant lectin, although the monomer binding strength of methyl D
mannoside and methyl-Blucoside only differed by a factor of 4We have reported the
synthesis and study ghlectin3 recruitmenby galactosdactose functionalized
PAMAM dendrimers’” In this studythe dendrimers which presented lactose recruited
more galectir8 than dendrimers presenting galactose.liffear dependence of the ratio
of low to high affinity ligands multivalently displayed the measurable
protein/cabohydrate interaction was observedctosehas a measured disassociation
constantKp) of 220uM for binding to galectirB, while N-acetyllactosamine has & kf
67uM. %%’ Theincreasednonovalenbinding strength oN-acetyllactosamine relative to
lactose foigalectin3 should reasonably predict a greater amplification in the multivalent
associationsf glycodendrimers furionalized withN-acetyllactosamine when compared
to those of lactose functionalized dendrimers

This paper describes the chesnaymatic synthesis and characterization-of 2
Acetamide2-deoxy4-0O-b-D-galactopyranosyD-glucopyranose functionalized
poly(amdo amine) (LablAc PAMAM) functionalized dendrimers in four stefifie
enzymatic addition of galactoseNbacetylglucosamine functionalized dendrimers
reduces the requisiteumber of synthetic stefsr the full chemicalsynthesis oiN-
acetyllactosaminto four steps The use of this efficient synthetic design, gave us access

to four generations df-acetyllactosamine dendrimers. Although a+mative ligand for



32
galectin3, N-acetyllactosamine bindsith three fold higher monovalent affinitilan
lactose ad with comparable affinity tthe putative native ligand, TF antig&iTherefore
N-acetyllactosamines an important ligand for the study of galeeBmmediated
processes. These d&c functionalizedPAMAM dendrimers were used in cancer

cellular aggregation assays to study gale8tmediated processes.

ExperimentaProcedires

Materials and Methods

PAMAM dendrimers were purchased from Dendritech. Uridine diphosfthate
D-glucose (UDPU-D-glucose) was purchased from Calbiochand all other reagents
used were purchased from Sig@krich. High purity organic solvents were purchased
from Fisher Scierfic. Dialysis tubing was purchased from Millipo@olumn
chromatographyvas performed using0 A silica gel **C and'H NMR were recorded for

purified compounds on a Bruker DRX 500 MHz Spectrometer

1-O-(5-isothiocyanato-3-oxopentyl)-3,4,6tri -O-acetytb-D-N-
acetylglucosaminopyranosidd3). Alcohol 2 was synthesized as previously descriffed.
0.368 gof 1,3,4,6tetraO-acetytb-D-N-acetylglucosaminopyranosi¢e 945 mmol, 100
equiv.) and alcohoP (0.510g, 3.461 mmol, 3.66 equivwere dissolved in dry Ci€l,
(10mL). Activated 48 mesh molecular sieves were addmtd thereaction mixture was
stirredfor 5 min at 21°C. FeC} (0.402 g, 2.481 mmol, 2.47 equyiwas added over 1 min

to the reactiopand the resulting red suspension was stirred for 22 h. 0.4 g of NaHCO
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was addedo the mixture andthe mixturewas filtered over celite. The solvent was
removedn vacuoto afford a red viscous oil. The residue was dissolved rhL of
EtOAc and washed with thré® mL portions of water. The aqueous layers were
extracted with 25 mL of EtOAc and the combined organic layers were dried over,MgSO
and concentrated. The residue wasfged by flash column chromatography with ethyl
acetate eluent ¢(®.23) to provide th&l-acetylglucosaminopyranoside derivatBe
(0.214 g, 47%) as a light yellow otH NMR (500MHz, ds-D M'S O )7.951(d,J = 9.1
Hz, 1H), 5.08 () = 9.8 Hz, 1H), 4.83t, J = 9.8 Hz, 1H), 4.66 (d] = 8.5 Hz, 1H), 4.18
(dd,J=12.1, 4.7 Hz, 1H), 4.03 (d,= 12.1 Hz, 1H), 3.88 3.76 (m, 5H), 3.72 (dd] =
18.9, 9.1 Hz, 1H), 3.663.52 (m, 4H), 2.02 (s, 3H), 1.97 (s, 3H), 1.91 (s, 3H), 1.76 (s,
3H) ppm™C NMR (126 MHz, CDCE) U 117068 578.46, 169.42, 132.08, 100.85,
72.47,71.67,70.40, 69.17, 68.75, 68.67, 62.12, 54.33, 45.37, 23.21, 20.73, 20.65, 20.60
ppm. HRMS Micro-TOFQ) m/z 477.1551qdalculated m/z M+H = 477.1537 for

C19H28N2010S).

General procedure for thesynthesis of PAMAM-based thiourealinked 1-O-
(5-isothiocyanata 3-oxopentyl)-3,4,6tri -O-acetykb-D-N-
acetylglucosaminopyranosidelendrimers 4ad. Lyophilized PAMAM amine
terminated dendrimgd equiv) was dissolved in a solution of exc&ss
dimethylsufoxide (DMSO). The reaction was allowed to stir at€1for 72h. The
products were purified by dialysis (3,500VCO tubing) against L of DMSO for 3h.

This was repeated twickyophilizationaffordeda yellow viscous oil*H NMR and
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MALDI -TOF MS were ged to determine the degree of carbohydrate functionalization of
the dendrimersta: *H NMR (500 MHz,d-DMSO) U 8 . sp1#), 7.98 (d,) = 9.0,
1H), 7.87 (bs0.4H), 7.69i 7.38 (m, 1H)5.05 (t,J = 9.8 Hz, 1H), 4.79 (t) = 9.8 Hz,
1H), 4.62 (dJ = 8.7 Hz, 1H), 4.15 (ddl = 11.2, 3.2 Hz, 1H), 3.98 (d,= 11.2 Hz, 1H),
3.857 3.72 (m, 3H), 3.68 (it} J=9.0,9.0, 90 Hz, 1H), 3.63 3.36 (M, 10H), 3.14 (bs,
2H), 3.05 (bs, 2H), 2.62 (bs, 5H), 2.18 (bs, 4H), 1.98 (s, 3H), 1.93 (s, 3H), 1.87 (s, 3H),
1.73 (s, 3H) ppm**C NMR (126 MHz,ds-DMSO) & 171.62, 171.15, 16
169.31, 169.21, 100.24, 72.48,59D,69.10, 68.81, 68.56, 68.26, 61.77, 53.10, 52.16,
49.61, 43.38, 43.14, 40.41, 38.15, 36.81, 33.07, 22.59, 20.44, 20.33ppM2MALDI-

TOF (pos) m/z $00.

4b: *H NMR (500 MHz,d:DMS O) & 7. 9 9 (d(Jb&89Hz, 1H),7.79(b3J 9 3

= 8.9Hz, 1H), 7.60i 7.40(m , 2H), 5.05 (tJ = 9.7Hz, 1H), 4.79 (tJ = 9.7Hz, 1H),

4.61 (d,J = 8.0Hz, 1H), 4.15 (ddJ = 11.6 3.3 Hz, 1H), 3.97 (d] = 11.6Hz, 1H), 3.85i

3.72 (m, 2H), 3.68 (dd] = 17.3, 8.0Hz, 1H), 3.62 3.39 (m, 8H), 3.124, 2H),3.06

(bs, 2H), 2.61 (bs, 4H), 2.38 (b= 12.1 Hz, 2H), 2.16 (bs, 3H), 1.98 (s, 3H), 1.93 (s,

3H), 1.87 (s, 3H), 1.73 (s, 3H) ppMiC NMR (126 MHz, ¢DMSO) U 171. 48, 171
169.84, 169.43, 169.20, 169.07, 100.10, 72.46, 70.54, 68.96, 68.67, 68.42, 68.13, 61.63,
52.97, 52.01, 49.32, 43.26, 42.98, 40.24, 38.02, 36.58, 32.89, 22.44, 20.29, 20.18, 20.10

ppm.MALDI -TOF (pos) m/z 16,800.

4c:*H NMR (500 MHz, ¢-DMSO) i~ 87. 7®3 (m, 1H), 7.91 (d] = 9.2 Hz, 1H), 7.75

(bs, 1H), 7.54 7.37 (m, 1H)5.05 (t,J = 8.9 Hz, 1H), 4.79 (] = 8.9 Hz, 1H), 4.62 (]
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=8.2 Hz, 1H), 4.15 (ddl = 11.9, 2.7 Hz, 1H), 3.98 (d,= 11.9 Hz, 1H), 3.83 3.73 (m,
3H), 3.68 ldd, J=9.2, 9.2, 9.2 Hz, 2H), 3.623.35 (m, 12H), 3.14 (bs, 2H), 3.06 (bs,
2H), 2.62 (bs, 5H), 2.17 (bs, 4H), 1.99 (s, 3H), 1.93 (s, 3H), 1.88 (s, 3H), 1.73 (s, 3H)
ppm."*C NMR (126 MHz,¢DMSO) & 171.52, 171.21, 170.01
100.27, 72.63, 70.71, 69.13, 68.84, 68.59, 68.31, 61.80, 53.14, 52.14, 49.47, 43.42, 43.11,
40.41, 38.21, 36.66, 33.14, 22.62, 20.46, 20.35, 20.28 ppm. MAOM (pos) m/z

35,000.

4d: *H NMR (500 MHz, ¢DMSO)i 7. 99 ( bsJ=8BHJ, 1H), 7.81%3 ( d,

1H), 7.66i 7.39 (m, 1H)5.05 (t,J = 9.3 Hz, 1H), 4.79 (t} = 9.3 Hz, 1H), 4.62 (d] =

7.8 Hz, 1H), 4.15 (d] = 9.9 Hz, 1H), 3.98 (d] = 9.9 Hz, 1H), 3.82 3.73 (m, 3H), 3.68

(ddd,J = 8.6, 8.6, 8.6 Hz, 1H), 3.63 3.35 (m, 15H), 3.13 (bs, 3H),db (bs, 3H), 2.60

(bs, 3H), 2.16 (bs, 5H), 1.98 (s, 3H), 1.933d), 1.87 (s, 3H), 1.73 (s, 3H) ppHiC

NMR (126 MHz,¢DMSO) & 171.71, 171.21, 170.01, 16
72.62, 70.71, 69.13, 68.84, 68.59, 68.34, 68.32, 61.80, 53.13, 49.41, 43.42, 43.12, 42.10,
40.41, 38.19, 36.70, 33.00, 22.61, 20.45, 20.35, 20.29 pighDI -TOF (pos) m/z

120,000.

General procedure for the synthesis of PAMAMbased thiourealinked 1-O-
(5-isothiocyanata 3-oxopentyl)}-b-D-N-acetylglucosaninopyranoside dendrimers 5a
d. In 2 mL scintillation vials, lyophilized dendrimeds-d wereseparatelglissolved in a
1:1 mixture of methanolral water (2nM). Using a 0.8 M NaOMe in MeOH solution,

0.2 equivof NaOMe were added per each peripheral sugar on the dendrimer. The
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reaction was stirred at 2C for 2 h. 0.2 equivof NaOMe was added per each peripheral
sugar, andhe reaction waallowed to stir foran additionall h. 0.2 equivof NaOMe
wereperiodicallyadded until the solutiomaintained a persistent pH D (litmus) and
became yellow transparent solution. Theactions were brought to pH(litmus) with
0.1 M aqueous HCI. The pilacts were purified by dialysis (3,500/CO tubing)
against L of Milli-Q wat er ( 18.MRThislyal epehtedfwice. Th2 solvent
was frozen and lyophilized to yield a white fluffy softtt NMR and MALDITOF MS
were used to determine deacetylatof the carbohydrate functionalized dendriméra.
'H NMR (500 MHz,ds-DMSO) & 7.96 (bs, 0. 6H)=87Hz 75
1.1H), 7.54 (bs, @H), 7.39 (bs, 0.7H), 5.64.96 (m,Hz, 0.7H), 4.50 (s, 0.8H), 4.28 (@,
= 8.2 Hz, 0.9H), 3.88 3.72 (m, 1.4H), 3.65 (d = 11.6 Hz, 1.9H), 3.58 3.33 (m,
14.8H), 3.14 (s, 2.6H), 3.04 (s, 4.1H), 2.63 (s, 4.4H), 2.17 (s, 3.3H), 1.81 (s, 3Hi@pm.
NMR (151 MHz, de-DMSO) a 172. 22, 171. 75, 169. 82,
69.82, 69.32, 68.21, &30, 55.89, 52.69, 49.96, 44.04, 43.46, 40.53%,B837.34, 33.66,

23.60, 23.5ppm. MALDI-TOF (pos) m/z 7,000.

5b: 'H NMR (500 MHz,d-DMSO) i 8. 02 (s, 1. 2H)=82HRz 81
1.3H), 7.60 (s.8H), 7.46 (s, .8H), 5.04.95 (m 2H), 457 (s, 1.1H), 4.32 (d] = 8.1 Hz,
1.1H), 3.84i 3.77 (m, 1.2H), 3.68 (d} = 12.4 Hz, 1.6H), 3.64 3.38 (m, 12.1H), 3.29

(bs, 1.3H), 3.17 (bs, 2.6H), 3.08 (bs, 4H), 2.66 (bs, 4.1H), 2.42 (bs, 1.8H), 2.20 (bs,

4.2H), 1.81 (s, 3H) ppm°C NMR (126 MHz, ¢DMSO) U 171. 46, 171.

(bs,

101

(s,

06,
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101.01, 76.91, 74.16, 70.57, 69.31, 68.80, 67.70, 61.00, 55.38, 52.03, 49.39, 43.44, 43.06,

39.93, 38.26, 36.39, 32.56, 2302m. MALDI-TOF (pos) m/z 14,100.

5¢: 'H NMR (500 MHz,d-DMSO) U i 8.83%nd, 1.5H), 7.72 (bs, TH), 7.61 (bs,
0.6H), 7.46 (bs, 0.6H), 4.98 (s, 2.3H), 4.56 (s, 0.9H), 4.28%d7.4 Hz, 0.9H), 3.89

3.39 (m, 22H), 3.15 (bs, 4.3H), 3.05 (bs, 2.1H), 2.76 (bs, 1.3H), 2.26 (bs, 2.6H), 1.78 (s,

3H) ppmC NMR (126 MHz, ¢DMSO) U 17 1. 4962, 10128, 77D3,, 169.

74.33, 70.73, 69.48, 68.97, 67.89, 61.16, 55.55, 52.16, 49.51, 43.65, 43.16, 40.58, 38.44,

36.48, 32.42, 23.19 ppm. MALBTOF (pos) m/z 30,000.

5d:*H NMR (500 MHz i 7.18NhS @2H), #.728bs,D.8H), 7.58 (bs,
0.4H), 7.43 s, .3H), 4.98 (bs, 2H), 4.55 (bs, 0.7H), 4.28)(d,6.7 Hz, 0.8H), 3.91

3.36 (M, 16.5H), 3.14 (bs, 1.9H), 3.05 (bs, 2.7H), 2.66 (bs, 1H), 2.20 (bs, 1.6H), 1.78 (s,

3H) ppm.’*C NMR (126 MHz,dsDMSO) U4 171. 47, 170.86, 169.

74.16, 766, 69.31, 68.80, 67.73, 61.00, 55.39, 51.93, 49.38, 43.49, 43.08, 38.26,

36.34, 32.36, 23.0@pm. MALDI-TOF (pos) m/z 104,600.

General procedure for the synthesis of heterogeneously functionalized
PAMAM -based thiourealinked 1-O-(5-isothiocyanatc3-oxopentyl)-b-D-N-
acetyllactosaminopyranoside, 40-(5-isothiocyanato 3-oxopentyl}-b-D-N-
acetylglucosaminopyranoside dendrimers 6d. This procedure was adapted for
PAMAM functionalization from a previously published methéd PAMAM -based

thiourealinked 1-O-(5-isothiocyanateB-oxopentyl}b-D-N-acetylglucosaminopyranoside
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dendrimer5 was added to a solution of excess UDB-glucose in sodium cacodylate
buffer (pH 7.5, 36 mM). 1.5 mL afell lysis solution containg thefusion proteingtB-
galE (E. colicells overexpressing the fusion protein werevided by Dr. Wakerchugk
was added to the reaction and allowed to stir for at ledsit@1°C. 150 pL of 2.5% 10x
Trypsin was added to the reaction flask, and&aetion was allowed to stir ford The
products were purified by dialysis (3,50MNVCO tubing) against 1 of Milli -Q water
(18.2 MgqAcm). This was r ferptdta yiedddh haanpgerolse a s t
solution. The solvent was removed by lyophilization to yield a white fluffy stid.
NMR was used to determine the amount of galactose that \wad.ddALDI-TOF (pos)
was used to validate the degree of galactose addséortH NMR (600 MHz, ¢-
DMSO) i 7.9 (n® 2.1H), 7.92 7.68 (m, 1.7H), 7.60 (bs, 0.7H), 7.48 (bs, 0.5H),
5.10 (s, 0.7H), 5.00 (d,= 22.0 Hz, 0.4H), 4.82 (s, 0.8H), 4.72.58 (m, 2.3H), 4.54 (s,
0.9H), 4.36 (ddJ = 27.4, 7.4 Hz, 1H), 4.22 (s, 0.8H), 3.80 (dd; 14.6, 9.3 Hz, BH),
3.737 3.35 (m, 24.91), 3.19 (bs, 2.7H), 3.10 (bs, 1.2H), 2.67 (bs, 1.3H), 2.23 (bs, 1.3H),
1.82 (s, 3H) ppm=°C NMR (151 MHz, ¢-D M'S O )169.05, 168.76, 168.72, 104.00,
101.02, 100.88, 81.36, 75.56, 74.99, 74.18, 73.19, 72.18, 70.58, 70.54, 69.29, 69.21,
68.84, 68.18, 67.91, 61.00, 60.49, 60.43, 55.39, 54.71, 49.43, 43.52, 42.95, 40.04, 38.25,

37.56, 29.03, 23.02 ppriMALDI -TOF (pos) m/z &,00.

60b: 'H NMR (600 MHz, ¢DMS O) U 8. 02 i(7t68(m, 321, .59 bs, 7. 91
1.7H), 7.46 (bs, BH), 5.11 (s, 11H), 5.05i 4.91 (m, 17H), 4.82 (s, I5H), 4.76i 4.47

(m, 4.H), 4.35 (dd,) = 26.7, 5.2 Hz, 2H), 4.22 (s, 1.4H), 3:88.45 (m,14.8H), 3.19
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(bs, 2.H), 3.10 (bs3.1H), 2.68 (bs, 3.3H), 2.22 (bs, 3.6H), 1.82 &) Bpm *C NMR
(151 MHz,deDMSO) U 176. 44, 176.31, 175.93, 104.5¢
77.56, 77.01, 76.43, 75.50, 74.17, 74.09, 72.61, 71.58, 71.34, 70.69, 70.19, 62.67,
62.43, 61.75, 57.20, 56.68, 53.06, 50.80, 40.34, 38.38, 34.22,(B1OKALDI -TOF

(pos) m/z 16,400.

6¢c: 'H NMR (600 MHz, ¢DMSO) U 8. 02 i(7t6%(m, 0BH)67159 (bs, 7 . 9 1
0.7H), 7.46 (bs, 0.9H), 5.10 (bs, 0.9H), 5.0, (b3H), 4.83 (bs, 0.6H), 4.754.43 (m,
2.1H), 4.35 (ap.d] = 22.8 Hz, 0.7H), 4.22 (s, 0.6H), 3.98.41 (m, 11.4H), 3.19 (bs,
1.5H), 3.10 (bs, 2H), 2.68 (bs, 2.6H), 2.22 (bs, 3.3H), 1.82 (s, 3H) PEAIMR (151
MHz,deDMS O) U 17 6. 4 3 104.587194.59,7.02.80, 708.729102.71,
80.19, 77.58, 77.02, 76.44, 75.52, 74.19, 74.10, 72.63, 71.60, 71.34, 70.59, 70.20, 62.68,
62.45, 61.77, 57.22, 56.69, 53.09, 50.80, 40.36, 38.41, 34.21,@MOIMALDI -TOF

(pos) m/z 37,000.

6d: '"H NMR (600 MHz, &-DMS O) U 8. 04 (7% (m, 2BH)6716) (bs, 7 . 9 1
1.1H), 7.47 (bs, 1.1H), 5.09 (s, 0.9H), 5.01 (s, 1.2H), 4.81 (s, 1H)j 472 (m, 3.4H),

4.36 (ap.d,) = 15.0 Hz, 1.3H), 4.22 (s, 0.9H), 4.13.39 (m, 17.8H), 3.18 (bs, 2.1H),

3.11 (bs3.3H), 2.70 (bs, 3H), 2.24 (bs, 3.5H), 1.83 (s, 3H) pP@NMR (151 MHz,

d-DMSO) 4 175.49, 175.04, 175.00, 103.73, 1
74.68, 74.39, 73.35, 71.77, 70.77, 70.51, 69.74, 69.34, 61.84, 61.62, 60.92, 56.37, 55.83,

5225, 49.99, 43.97, 39.75, 37.50, 33.33, 23@ah MALDI -TOF (pos) m/z 119,400.
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MALDI. Matrix assisted laser desorption ionization (MALDI) mass spectra were
acquired using a Bruker Autoflex Ilingartbeam Time of Fligh{TOF) mass
spectrometer. Samples df @endrimers were prepared using a tr8aadoleacrylic acid
matrix, and spectra were acquired wghapproximate matrbanalyte ratio of 500:1 to
20000:1 using estimated weighted molecular weights. Myoglobin (MW 16,951 g/mol),
Trypsinogen (MW 23,982 giol), and Bovine serum albumin (MW 66,431 g/mol) were
used as external standards. Dendrimet (imolymatrix samplavas deposited on the
laser target and positive ion mass spectra were acquired in linearlomxleere
generated by using a Nd:YAG laserged at 100 Hz with a pulse width®f ns. lons
were accelerated at 20 kV and amplified usimdgudti-ChannelPlate multiplier. Spectra
were summed usingn Agilent U1069A Acqiris DP24PCl digitizer All data processing

was performed using a Compassffex series 1.3 flexanalysis Version 3.3.

General method todetermine GIcNAc/LacNAc functionalization of PAMAM
dendrimers 6ad. MALDI -TOF MS spectra were obtained for acetylated glucosamine
functionalized dendrimera-d, and the change ithe weightedaverage molecular
weight,M,,, was divided by the Mof the protectedN-acetylglucosaminopyranoside
derivative3 denoted here as A (Equation (1)) to calculate the total number of
monosaccharidghat were appended to the PAMANIisvaluewas also determimkeby
dividing the change in for deacetylated functionalized dendrimBesd by the M, of
the deprotectetl-acetylglucosaminopyranosidenoted here as B (Equation (2)), and

also by dividing the change inMor acetylatedN-acetyblucosamindunctionalzed
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dendrimersipon deprotection by 126 (the loss of 3 acetyl groups) denoted here as C
(Equation (3)). Theralues obtained from tke three methodsr determinng the total
amount ofN-acetylglucosaminopyranosi@eldition were averaged, denoted by D
(Equation(4)). The change in Mupongalactose addition to the deacetylated
acetylglucosamine dendrimersgdivided by 162the addition of galactose) denoted
here as E (Equation (5)) to calculate the total number of galaatitseadded to the
glcNAc functionalized dendrimers'H Nuclear Magnetic Spectroscopy (NMRjs used
as asecond method to determine the degree of functionalizafibiriN-
acetyllactosamine. Through integration analysis of heterogeneously functionalized
PAMAM-based dendrimeBa-d, the degree of La&tAc functionalization was
determined by the integration of tHe2 N-acetylglucosaminessonancé4.36ppm),
which was set toree proton, and thgalactose resonane@or example, the broad singlet
at 4.22ppm). The integration of resorae of HXG6 was mul tiplied
by F (Equation (6)) to give the total addition of galactose. These two methods to
determine the total number of galactose added to the dendrimer were then averaged,
denoted as G (Equation (7)). Sample bensusing data from compour@&t (G(4)
PAMAM based)are provided in the equations belolihe calculated Mand

functionalization of dendrimega-d are fiown in Table

A = M, (Protected GINAc) - M\, (PAMAM) = 35000i 13600= 45 (eq1l)

476 476
B = M, (Deprotected GIblAc) - M, (PAMAM) = 30000i 13600= 47 (eq 2)
350 350
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C = My, (Protected GINAc) - M, (DeprotectedsIcNAc) = 3500830000 = 40 (eq 3)

126 126
D=A+B+C= 45+47+40= 44 (eq 4)
3 3
E = My (LacNAc) - M, (DeprotectedsIcNAc) = 370001 30000= 43 (eq 5)
162 162
F ==(4.15ppm to 4.25ppm) D = 0.89 x 44 = 39 (eq 6)
G=E+F= 43+39=41 (eq 7)
2 2
LacNACc
GIcNAc
Compound Functionalization | My (g/mol)
Functiondization
(G)
6a 1 10 8600
6b 9 16 18000
6C 2 41 36000
6d 38 95 120000

Table 1. Functionalization and\)Mvalues for LaBlAc functionalized dendrimers.

Galectin-3. Galectin3 was expressed, purifiednd diluted to a final protein

concentration of 0.5 mg/mL in 1x PBS as previously reportéd.
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Cell Lines and Cultures. All human fibrosarcoma H1L080, lung carcinoma
A549, and prostate D45 cell lines wergurchased from ATCC (HID80
(ATCC®CCL1 21 E) , (AFCE®@®OCL1 85 E) 145(BTCCRHTB81E) ). Cel | s

were cultured as recommended by ATCC and have been passaged less than 10 times.

Homotypic Aggregation Assay. This procedurewas adapted for L&AC
PAMAM dendrimers from a previously published metfiba solution of 16 million
cells/mL in serurrfree media (SFM) was prepared frorR growth plates of the same
cancer cell line. 2 mg/mL solutions dBcNAc PAMAM dendrimers6a-c and a 2.5
mg/mL solution of6d were prepared iMilli-Q wat er ( 1 Bor tBe hdAwptipicm)
aggregation assays in the presence of gal&¢tikbni of protein (16.7nM, 250r mol),
LacNAc PAMAM dendrimersolution (Oni, 10 ni, 20 ni, 30 ni, or 40 nL), and
enough SFM to total 58L per sample were addad a 1.5 mL Eppendorfube and
mixed. This was repeated in the absence of gal&ctldell suspension (1%L, 240,000
cells) was then added to each reaction, gently vortaetl sec, and incubated at 3T
for 1 h with gentle rotation. On a Jenco 864 inverted microscope, three 1A
aliquotsfrom each tubevere viewed and four images from each sample were randomly
captured. These images were converted to monochner®@NU Image Manipulation
Program2.8.14 and the image was analyzed using the soévifixcavatolA Standard
Edition 5.0 for free and aggregated cellpiXels equivalent to 3 or less celgere

considered freeell image$.
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Results and Discussion
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Scheme 1. Synthesis Nfacetyllactosaminéunctionalizeddendrimers.

The glycosylation reaction @& (2-isothiocyanatoethoxy)ethan@)(with 2-
acetamide?-deoxy1, 3, 4, 6tetraO-acetytbetaD-glucopyranose (protected Glac, 1)
was catalyzed by Feglio provide the glucosaminopyranoside prodiidthrough
neighboring group participatigonly thebeta produc8 was observedFunctionalization
of the PAMAM dendrimer$G2, G3, G4, and G6) withrotected GIBIAc 3 was
accomplished at roomrgperature irslight excess 03, yielding theacetylated\-

acetyplucosaminefunctionalized dendrime#a-d. Deacetylation of the protected
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GIcNAc endgroupsvasachieved using Zemplén conditiolmsacces$sIcNAC
functionalized dendrimersa-d. The final stepn the synthesis of L&Ac functionalized
dendrimerss a glycosyldabn reaction for thé-1-4 addition of5 to the anomeri®-
position of @lactose. Blixet al. developed the recombindtl,4-Galactosyltransferase
/UDP-4 &5al Epimerase Fusion Protein (IgtalE) with which they demonstrated the
selectivity and specifity of the enzyméo synthesize LadAc derivatives fronGIcNAC
derivatives which had various acceptors inahemert b-position'*? The fusion enzyme
is composed of two catalytic sites. Thesfsubunit, galEcatalyzesthe epimerization of
uridine-5 -@liphosphglucose (UDFGIc)t o u r idighospleogamdiose (UDBD-
Gal). UDR U-D-Gal then sequentiallyinds to the catalytic site t§tB andis
enzymatically transferred to the-G-position of the dendrimer tetred GI&NAc yielding
theb-1,4-disaccharide functionalized dendriméesd. In the absence of any additional
functionalities that could be vulnerable on the PAMAM scaffold, crude lysate was used
without further purification. After completion of the reactiand enzymatic degradation
of the fusion proteimnd any additional proteins present in the lysadeNAC
functionalizeddendrimers were purifieby dialysis."H NMR spectroscopy andALDI -
TOF mass spectrometry (posgre used to determine the degreéuottionalization as
described above. This synthesifoededaccess to four generations of DN#x
functionalized dendrimerén previous workthe preference of galect®for b-
galactoside clustefs % **was exploited using lactose functionalized dendrimers in
homotypic cancer cell aggregation usmtactoside dendrimef¥.It was established that

cancer cell homotypic aggregation can be mediated by the multivalent lactoside display
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on PAMAM dendrimers. Thereforeancer cell assays were performed for eacliNBac
dendrimer with A549 lung carcinoma cells in the presencd absence of excess
galectinr3. In the absence of galect®) the smallest dendrimdracNAc functionalized
G(2) dendrimeba, seemed to have no effect on the free cancer cells after incubation
(Figure 1a). When the same cell line was exposed to exdessigd and incubated,
galectin3 wasobserved to have inducedllularaggregation (Figure l1a, red, O uM
dendrimer concentration). In the presence of increasing amousas({€éiure 13
inhibition of thegalectin3 induced aggregation was observealdNAc functionalized
G(3) dendrimebb induced similar effectas the smallest glycodendrintga, although
the effects wittbb were less pronounceth contrast to this observation, the larger
dendrimersLad\Ac functionalized G(4) dendrim&c andLacNAc functionalized G(6)
dendrimer6d, showed no apparent inhibition of galeefimduced cell aggregatiom |

the absence of added galee3irboth dendrimer§éc and6d induced aggregation.
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Figure 1 Results oN-acetyllactosamine functionalized dendrimergyafectin3 induced
homotypic aggredgien of A-549 cells. A. Effects dN-acetyllactosamin&nctionalized
G(2) dendrimebaon A-549cancer cell aggregation slies B. Effects ofN-
acetyllactosamin&unctionalized G(3) dendrimdib on A-549 cancer cell agregation
studies C. Effects ofN-acetyllactosamin&inctionalized G(4) dendrimé&c on A-549
cancer cell aggregation skies.D. Effects ofN-acetyllactosamin&nctionalized G(6)
dendrimer6d on A-549cancer cell aggregation skies

Theeffectsof LadNAc functionalized dendrimers on cancer cellular
aggregatiorwere also investigated with D5 prostate cancer cells and-H0U80
fibrosarcoma cancer cells. These cell lines were selected becatb43ddntained more
native galectir8 then A549 lung cancer cells, and HI080 contained lesa* " %0 124
Homotypic cancer cell aggregatistudies were repeated in the presence and absence of

exogenous galectil with these lines, and the results of thesaysare shown in figure

two and threeAs with A-5 4 9célls the smallest glycodendrime8s and6b again had
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no effect on the cells the absence of exogenous gale&iffrigure 2ad without
galectin3). When galecti#8 was adde@nd incubated with #tndendrimer§aand6b,
again thegalectin3 inducedcancer cellulanggregation was inhibited. Tltemplete
inhibition of thegalectin3 inducedaggregatiorof DU-145 cellsby dendrime6awas
observed even at the lowest initial concentration that wak Assays were repeated
again withLacNAc functionalized G(2plendrimer6aat concentrations of 1AM and 20
MM (Figure 2a and 2b). D45 cancer cell induced aggregation was shown to be
inhibitedmore completelatthr lower concentrationsf 6a, which can be inferred to be
the result of the increased amount of available native gal@etirailable in this cell line
compared to the HIL080 cells. This possible explanation also supports the lack of
induced galecti¥8 aggregation by dendrimécin the HT-1080 cancer cell assays. While
induced aggregation by th@cNAc functionalizedglycodendrimeiG(4) dendrime6e in
DU-145 (Figure 3b) was less pronounced than with the largest glycoden@dmer
(Figure 3d)this effect was absent iassays using the HIO80cell ling(Figure 3a). This
same effect was observed in the-HJBO0 cell assays withd (Figure 3c). Although the
induced aggregation was not entirely absent, there was a significant reduction of induced
aggregation observed when comparetad\Ac functionalized G(6) dendrimesd /

DU-145 aggregation study.
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Figure 2.Results oiN-acetyllactosamine functionalized G(2) and G(3) dendrimers on
galectin3 induced homotypic aggregation of HD80 and DU145 cells. A. Effects of
N-acetyllactosamine functionaéd G(2) dendrimeaon HT-1080 cell aggregation
studies. B. Effects dfl-acetyllactosamin&nctionalized G(2dendrimer6a on DU-
145cancer cell aggregation studies. C. Effectbl@fcetyllactosamine functionalized G(3)
dendrimer6b on HT-1080cancer celhggregation studies. D. Effectsf
acetyllactosamin&unctionalized G(3dendrimet6b on DU-145cancer cell aggregation

studies.
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Figure 3 Results oN-acetyllactosamine functionaliz€&(4) and G($ dendrimers on
galectin3 induced homotypic aggretian of HT-1080 and DU145 cells. A. Effects of
N-acetyllactosamin&inctionalized G(#dendrimei6con HT-1080 cell aggregation

studies. B. Effects dfl-acetyllactosamine functionalized 43 dendrime6c on DU-145
cancer cell aggregation studies. C. Effaaf N-acetyllactosamine functionalized &(
dendrimer6d on HT-1080 cancer cell aggregation studies. D. Effects-of
acetyllactosamine functionalized & dendrimer6d on DU-145 cancer cell aggregation
studies.

Previously we have demonstrated taatose functionalizedlendrimers mediated
homotypic cellular aggregation by modifying the gale@NMUC1 pathway through
multivalent crosslinkinglarge dendrimers)r by diverting galectir8 from binding to its
traditional glycoclusters on the cell surfaéélere we have shown that by decorating
PAMAM scaffolds withN-acetyllactosaminosides, which haawvenonomeric association

constanthreefold greater than lactososifler galectin3, we were abléo mediate

homotypic cellular aggregation with a series of fourNiac dendrimers. The



51
concentration oN-acetyllactosamine was kepdnstantelativeto thethrough each
series so that we could study the impactheffour different generations of the
multivalentglycodendrimersTheconcentrationsf these dendrimenmgerealsokept
relative to the lactgeconcentrations of previodactosidefunctionalized PAMAM
dendrimersstudie§® sothe impact ofdifference in monomeric binding associations
theability of glycodendrimerso mediate homotypic cancer eédr aggregatiorcould be
assessedrhe smallest glycodendrimetsacNAc functionalized G(2) dendrimé&a and
LacNAc functionalized G(3gdendrimer6b both inhibited cancer cellular aggregation in
all three cell lines. Both dendrimea and6b had similar glycoside functionabtion as
the smallest lactosides functionalized dendrinpeesiously studied® Although they all
displayed similar effect§b was able to completelylnibit induced aggregation of HT
1080 cancer cell where inhibition wasgligiblewith the LacNAc functionalized G(3)
dendrimer6a.

In studies using largegeneration$(4) and G6) glycodendrimer&écand6d no
observable differences weemeasured using HI080 cellspoth6c and6d were unable
to inducesignificantaggregatiorof HT-1080 cells butvere able to induce aggregation of
A-549 cells. Interesting LacNAc functionalized G(4) dendriméc were able to induce
aggregation of D145 cells Althoughnot as a prominent as the cellular aggregates
formed withlactose ol.acNAc functionalized G(6) dendrimerghis represents an
important derivation from jvious results using lactose functionalized dendrimers of the
same generation. Both lactose &adNAc functionalized dendrimeiaduced

aggregation of A49 and DU145 cancer cells.
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In previous studies we have shown the avidity of multivalent asso@atanbe
predicted in a reliable way for PAMAM dendrimers based on the monovalent affinity of
the ligand’* These resultarere consistenwith Whitesideémode| which suggested the
association constant of the polyvalent interactions should equal the association constant
of the monovaleninteractionraisel t oN,t hweh elt ecoopkrativityfadtoh aadN
is equal to the number of interactions that occur between the receptor anddigand.
possible explanation for ¢hresults described here considers the difference of the
monovalent associations for galee8rbinding toN-acetyllactosaminoside and lactoside
The difference of the individual monovateassociation, although small may be
significantly augmentedhen the ligands are displaysuiltivalenty. The monovalent
binding differences may account for the higher activitiadNAc functionalized G(3)
andLacNAc functionalized G(4) dendrimef and6cin comparisorto lactose

functionalized dendrimers of the same generations.

Conclusion

LacNAc functionalizedAMAM dendrimers were synthesized using a fstep
chemoenzymatic raa. The enzymatic step controlled the regiochemistry of the addition
of galactoseo N-acetylglucosaminosideinctionalized dendrimers using a recombinant
b-1,4-Galactosyltransferagé/DP-4 -@&sal Epimease Fusion Protein (IgtBalE).

Homotypic cellular aggrgation, which is promoted by the presence of galectn it

binds to glycosides at the cell surface, was studied usin§jd80 fibrosarcoma, 449
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lung, and DU145 prostate cancer cell lines. This study revealed that in the presence of
smallLacNAc funcionalizedPAMAM dendrimers §aand6b) displaying monomeric
affinity comparable td F-antigen its putative binding ligand on cancer cells, galeatin
was diverted from its normal MUC1/galecrpathway Inhibition of homotypiccancer
cellular aggregatiowas observed withaand6b. The large glycodendrimerg6c and
6d) were able tonduce cellular aggregatiomhe results of these studies demonstrated
thatusing atunable, multivalenscaffoldfunctionalizedwith N-acetyllactosamine,
which has only threefold increase in monomeric affinity over lactose for gal&ctin
homotypic celllar aggregatiorwas effectively mediatedn addition to thisinduced
aggregatiorwas observedverbroaderanges of concentratis@ndwith smaller

deviations from theneasured averagés LacNAc functionalized PAMAM dendrimers
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ABSTRACT

Novel dendronized silica substrates were synthesized. First and second generation
polyaryl ether dendrons were appended to silica surfaces. WSuflj mediated
cycloadditionfi c | i ¢ k 0 becicledaxtrmwas tethered to the dendronized surfaces
and also to a nedendronized surface for comparison purposes. This synthesis strategy
affords a modular, versatile method for surface functionalizatiomhich the density of
functional groups can be readily varied by changing the generation of dendron that is
used. The surfaces, which are capable of adsorbing target analytes, have been
characterized and studied usingay photoelectron spectroscopy (XP&hd vibrational

sum frequency spectroscopy (VSFS). Fluorescence spectroscopy was used to study the
surfacesdé6 ability to retain coumaribn 152
cyclodextrin functionalized surfaces not only adsorbed, but also retained C152 through
multiple aqueous washes. Furthermore, these observations were guantified showing that
substrates functionalized with first generation dendrons have more than 6 teats g
capacity to adsorb C152 than slides functionalized with mononsericlodextrin. The

first generation dendrons also have 2 times greater the capacity than the larger generation
dendrons. This result is explained by describing a dendron that hasressed number

of b-cyclodextrin monomers, but when covalently bound to silica, has a footprint too

large to optimize the number of accessible monon@vsrall, both dendronized surfaces
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demonstrated an increased capacity to adsorb targeted analytestheveslides
functionalized with monomericb-cyclodextrin. The studies reported provide a
methodology for characterizing and evaluating the properties of novel, highly functional

surfaces.
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INTRODUCTION

Removing organic analytes from an aqueoustsm plays a critical role in a host
of environmental and technology related challenges. For example, the Environmental
Protection Agencyods Safe Drinking Water Ac
limiting the amounts of over 90 different contaaunts, with new contaminants being
added to the list every five yedfs.Nearly 60% of these contaminants are organic and
have been determined tause side effects ranging from organ damage to increased risk
of cancer when exposure to the maximum allowed levels are exc&adedmples
include aromatic species used to manufacture insecticides such as benzene (0.005 mg/L)
and chlorobenzene (0.1 mg/L), two chemicals that are also used in textile processing. One
current and popular methddr removing such contaminants from water includesgisi
high surface area substrate such as activated charcoal or sotf&'Zsthile this
method can remove a wide variety of pollutanthe resulting contaminated material
cannot be reused and must be disposed of after the sorption process. In applications
where large volumes of solution must be processed in order to renlatigely small
amounts of a targeted solute, one ideallytsdo employ a system that concentrates the

solute and can be recycled for further use.

A recyclable substrate that can remove solutes from solution requires that

adsorption be reversible. For reversible adsorption to be a viable mechanism for
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removing slutes from solution, binding energies must be large enough so that adsorption
is thermodynamically favorable under applicatgpecific conditionsbut weak enough

so that solutes will desorb with modest changes in solution phase temperature, pH, or
compasition. Such requirementsrecludestandard covaleriiond formation between the
substrate and solute and, instead, must relyegarsibleinteractions to remove organic
solutes from aqueous solutibff. Spontaneous se#fssembly and molecular recognition

are two common phenomena that rely on-nowalent forces to drive association and
aggregation in solution anat surfacesand from the perspective of reversibly binding
solutes to surface$>**! exploiting the ability ob-cyclodextrin as a host for hydrophobic

organic guests an attractive option.

Surfaces functionaed with b-cyclodextrin have been used to form gtlesst
inclusion complexe$*****p-cyclodextrin forms a hydrophobic cavity through a series of
U-1,4 linkages between sevghucosidemonomers=>® This structure forms a complex of
intramolealar hydrogen bonds rendering tinéerior cavityhydrophobic and the exterior
surface hydrophilic’*® Representative binding energies facyclodextrin complexes
with organic analytes generally range fro@b to -5 kJ/mol**? To put these binding
energies into the context of reversible adsorptexuilibriumconditionsnecessitatéhat
removal of 50% of the solute molecules from apuM aqueous solution at room
temperatre requires @ adsorption (or binding) energ@y approximately-19 kJ/mol, and
removal of 90% requires na adsorptionenergy of -24kJ/mol. In order for the

functionalizedsurfacesaturated with the bound analytte be recycled and reused, the
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analytedesaption must overcome this hegtiest association in a wadkat leaves the

surface intact and ready foruse

Previous studies have used surface tethéregclodextrin to form guesgtost
complexes for numerous purposes such as reversible chlorophenohlanabenzene
removal™*® and controlled fragrance reled$éSuch surfaces, however, have a capacity
limited by the surface coverage 6fcyclodextrin sites. In principle, more sites would
i mprove the substratebés <capacity. Wo r k
limitation commonly associated with using functionalized surfaces to promote chemical
processes. Surfaces have a limiednber of sites that are available to accommodate the
adsorption of solutes from solution. By functionalizing silica substrates with dendrimers
containing multiple b-cyclodextrin units, we show how the useful ability of
cyclodextrin to form hosguest selfassemblies can be amplified by the multivalent
properties of dendrimer chemistry. Substrates functionalized with first and second
generation dendrons as well as surfaces functionalized with only swmjelodextrin
monomers (as shown in Figure Ireaested for reversible adsorption behavior using
Coumarin 152 (C152) a fluorescent organic dye having a trifluoromethyl group in the 4

position and a dimethyl amino group in the 7 positi@i52 was chosen for the

fluorescence studies because of thid su t e-6haracterzédl photophysical behavior in

a wide variety of solvent§***Fr om previ ous studies, C152506

been shown to shift with solvent polarity due to differences betweagrdbedstate and

excitedst ate di pole moments as well as the

(
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opportunities presented by the solvEft140: 141142 143144195 Agfinity of the coumarin
solutes for the surfaces can be estimated from bulk solution binding constants. The
studies reported herdemonstrate that C152 has an affinity for theyclodextrin
functionalized surfaces and is retained even after multiple washings with a pure aqueous
solvent. A small volume rinse of the saturated surface with methanol results in complete
release of the solute. Quantifying these results show thataeissfunctionalized with

first generation dendrons (containing multiptecyclodextrin sites) have a greater
capacity than slides functionalized either with monomérayclodextrin or with higher

order dendrons. This result can be understood in terms of the tradeoff between
maximizing the number ofccessibleb-cyclodextrin monomers per dendron vs. the

number of dendrons that can be covalently bound to a silica substrate.
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Figure 1. Schematic representations of functionalized surfdBs= 6-cyclodextrin.
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Experimental Methods

Materials and Methods.The quartz slides (2625x 0.5 mm) used in tleestudies were

purchased from SPI SupplieBrior to experimental use, the quartz slides wéranedn
a 1 : 1 mixturgby volume)of nitric acid and sulfuric acid (Macron Chemicals) for one
hourand rinsed with deionized wate ( Mi | | i p olN, NG, 18. 2 Mq)
Dicyclohexylcarbodiimide and all high purity organic solvents were purchased from

Fisher Scientific. All other chemicals used were purchased from Sigdnih.

Alkyl Monolayer Functionalized Surfaces 1 and 2Strategies focreating silica

surfaces having different functional group compositiamrea d apt ed from Jones
formation using THF/Cyclohexari® A 10 mL Teflon beaker equipped with a stir bar

was placed inside a 50 mL Teflon beaker. Both beakers were placed inside a sealable

glass container with an inert atmosphdiee silica slides were placed along the inside

wall of the outer Teflon beaker, amluene(40 mL)was addedA stock solutiorof
alkyltrichlorosilane (0.03 mmol in 2 mL of Tetrahydrofuran (THF) and 75 pL of 6M

HCI) was stiredfor 4 hat room temperature and added to the 50 mL Teflon bedker

reaction wasllowed to stir for 3 h undeargon To remove excess solvents, slides were

sonicated for 3 min in 50 mL of toluene, fdmin in 50 mL of Milli-Q water (8.2

M ¢ &m), andfor 3 min in 50 mL of methanolThe sequential sonications with water and
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methanol were repeated two more tinféigdes were driednder a stream @frgon and

stored under vacuum.

1-b-cyclodextrin-N-(3-(silyDpropyl) -1H-1.2 3triazole-4-carboxamide Functionalized

Surface 3. Mono-6-deoxy6-azidob-cyclodextrin was synthesizesingpreviously
described method$’**® N-(3-(trimethoxysilyl)propyl)propiolamide was synthesized by
the methodhat was reportefbr the analogous tethoxy compound?® The synthesis of
functionalized surfac8 was adapted from silica beads to slitf8# 10 mL Teflon
beaker equipped with a stir bar was placed inside a 50 mL Teflon b&akezne(40
mL) was added to the 50 mL Teflon bealard two slides were placedbng the inside
wall of the 50 mL Teflon beakeN-(3-(trimethoxysilyl)propyl)propiolamide90 nmg, 390
emol) was dissolved in the toluene, and the solutionsiia®d at refluxor 2 h. The
slides were washed in 40 mL of toluene. The slides and 40 rNINof
dimethylformamide (DMF) weradded to a newO mL Teflon beaker equipped with a
10 mL Teflon beakeholding a stir bar and heated80 °C. Mono-6-deoxy-6-azidob-
cyclodextrin(330 ng, 2 8 (molgl eqiv.) and CW(PPh); catalyst(13 ng,  2n8l, Ogl
equiv.)wasadded, and the reaction was stirferd4 d. Slides were washed with 40 mL
of DMF, and weresanicatedfor 3 min in 50 mL of tolueneSlides were sonicated for
3min in 50 mL of Milli-Q water { 8 . 2A&myamdfor 3 min in 50 mL of methanolThe
sequential sonications with water and methanol were repeated two moreSiches.

were driedunder a seam ofargon and stored under vacuum.
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Polyaryl Ether Dendron Functionalized Surfaces 4 and 5Two generations of

polybenzyl ether dendrons were synthesized by previously described metfibis
Silica surfaces were functionalized by general silanization metfigd3The slides were
placed along the inside wall of a 50 mL Teflon beaker containi®ralL Teflon beaker
equiped with a stir bar3-aminopropyltrimethoxysilaneas added to 40 mL ¢bluene

in the 50 mL Teflon beaker and refluxed for Zhdes were washed with 40 mL of
toluene andvereadded to a ne®w0 mL Teflon beaker equipped with a 10 mL Teflon
beaker containg a stir bar and 40 mL of toluen&hetoluenewas brought to reflux

and hedendron 60emol) and2nL o f Hu n ergadded Theaeaaionwas
stirred for 2 d Slides weresonicatedor 3 min in 50 mL of tolueneSlides were sonicated
for 3min in 50 mL of Milli-Q water 8 . 2A&mylamdfor 3 min in 50 mL of methanol
The sequential sonications with water and methanol were repeated two more times.

Slides were driednder a stream @frgon and stored under vacuum.

b-Cyclodextrin Functionalized Pdyaryl Ether Dendronized Surfaces 6 and 7.

Polyaryl ether dendron functionalizelitie 4 or 5 wasplaced along the inside wall of a
50 mL Teflon beaker equipped with a 10 mL Teflon beaker holding a stiDhHf.(40
mL) was added, and the system was heai&0 °C. Mono-6-deoxy-6-azidab-
cyclodextrin(110 mg, 10@mol, 1 equiv) andCul(PPh); catalyst(10 pmol, 0.10 equiv.)
wereaddedand allowed to stir for 2 d. Slides were washed with 40 mL of Dévi,
ultrasonically cleaned for 3 min in 50 mL of tolueféides weresonicatedor 3 mn in

50 mL of tolueneSlides were sonicated f8min in 50 mL of Milli-Q water (8.2
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M g&m) andfor 3 min in 50 mL of methanolThe sequential sonications with water and
methanol were repeated two more tinfélgdes were driednder a stream of argondan

stored under vacuum.

X-ray Photoelectron Spectroscopy (XPS)The functionalized slides were characterized

using XPS. The analysisvas conducted on a Physical Electronics 5600ci XPS system
equi pped with mon eaayh The analysis areadbie Fainplekvas.8 X

mm in diameter. Electron emissions were collected at 45° to the normal of the surface,
and the sphericaectoranalyzer pass energy was selected as 23.5 eNMdhbiresolution
scanning and as 46.95 eV for a survey to achieve optimeangemesolution and count

rate. Initial representative survey scans were acquired from O to 600 eV for 10 sweeps
(sw) at 0.4 eV/step, and 20 mS/stégure 2). For further elemental analysis, high
resolution(HR) scans were acquired for thelS (~280 ta291 eV, 2 sw), N 1s (~394 to

405 eV, 5 sw), O 1s (~528 to 537 eV, 2 sw), and Si 2p (~98 to 106 eV, 3 sw) regions.
The acquisition parameters were run for 10 cycles at 0.50 eV/step and 20mS/step. For all
spectra, the backgrouraf all regionswere subtractd using the Shirley backgroufd
Peakpositionswere normalized to the C 1s peak at 285.0 eVvemiekfitted to functions
having a 100% Gaussian line shapeding energies were normalized to the CThs.

data acquisition and data analysi®re perbrmed using RBD AugerScan software.
Quantitative analysis to determine the site composition was performed using
methodologies previously described by Geiger and cowotRe&pecific expressions

relevant to our analysis are shown in the Supporting Information.
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Figure 2. Survey scan of functionalized surfage

Fluorescence Spectroscopy.The functionalized slides were characterized using

fluorescence spectroscopy and the fluorescent dye C152. This system (functionalized
surface/fluorescent dye) was used to test thigyabf different slides to retain adsorbed
analytes. Steady state fluorescence spectra were recorded using a Jobin Yvon Horiba
Fluorolog 3 FL311. Bulk measurements were acquired with 1 nm instrumental
resolution accumulating signal for 0.5 seconds ah st&p. Bulk solution measurements
were made with no polarizers in either the excitation or emission paths. Surface
fluorescence measurements were acquired in 0.5 nm increments integrating for 1.5
seconds at each point with the excitation and emissicaripets set 90° apart® This
procedure reduced the amount of background scatter in the surface excitation and

emission spectra so that adsorbed species ceubtbserved clearly.

In order to evaluate the ability 6fcyclodextrinfunctionalized surfaces to adsorb
organic solutes from solution, the bulk solution behavior of C152 was characterized in

hexane and aqueous solvents (in the absence and presencedissobeed b-
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cyclodextrin). Allbulk solutionexperimentsvere performed witl€152 concentrations of
10e M(2.6 mg/L) To measure the guesto st compl exd6s fl uorescen
(2.3 : 1 mole ratiop-cyclodextrin was added to the aqueous solution. For the surface
measurement s, 10 e@A52avgre mrapares] ansl tuhctiohalizedskdeso f
were then allowed to equilibrate in the solution for one héwdditional equilibration
time did not lead to any observed changes in the @ae.slides were removed slowly
from the solution, and excess solvevas allowed to evaporate from the bottom of the
slide. Fluorescence measurements were acquired from the top of the slide, the incident
light striking the sample at a 30° angle with respect to normal. Previous studies have
shown that this procedure prabadsorbed films that are not influenced by excess solute
accumulation following evaporatidi> *** °°After the initial scan, the slide was
immersed in pure MillQ water for 60 seconds and then removed. &xaeeater was
allowed to evaporate and a second surface fluorescence spectrum was measured. This
rinseandmeasure procedure was repeated to test the retention abilities of the
functionalized surfaces. Control experiments were performed using the samaupeoce
with unfunctionalized slides and slides that had been functionalized with terminal alkyl
monolayers. The hydrophilic control slides were cleaned prior to use by soaking in a
50:50 mixture of concentrated sulfuric and nitric acid. The hydrophobicatasiides

were rinsed with excess methanol and dried at ambient temperature before use.

To quantify the amount of analyte bound to the functionalized surfaces, a similar

fluorescence procedure was usetihe slide of interest was initially allowed to aag
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soak inalde M aqueous solution of C152. After
removed from the solution and the excess solvent allowed to evaporate. Upon
evaporation, the slide was soaked in water for 60 seconds, removed, and again the slide
was allowed to dry.The slide was then washed and sonicategDimL of methanol and

the fluorescence excitatioo f t he wa semissiart wavelerngtd (b3 nmyas
measured. Comparing the excitation intensity of the wash to standard solutions having
known concentratios allowed the number of molecules adsorbed to the surface to be
determined quantitatively. Assuming a uniform distribution of adsorbates on the surface,

these results were converted into surface coverages.

Vibrational Sum Frequency Generation (VSFG).VSFG is a 2" order nonlinear

optical process that measures vibrational spectra of moleiculmsvironments lacking
inversion symmetry.In a VSFG experiment, two high intensity fielfsne visible and

one infrared)induce a coherent, nonlinear polarization molecules at a surface or
interface This polarization oscillates at a frequency equal to the sum of the incident
visible and IR fields, and is responsible for the detected sighiakn the IR frequency is
resonant with a vibrational mode of a sugfanolecule, the sum frequency (SF) response
experiences resonance enhancen@ytaltering the polarization of the light incident on

the sample and the polarization at which the SF beam is collected, orientation data from
detectedsurfacespeciescan alsobe obtained by solving for the four independent-non
zero elements of the 27 element a®t order susceptibility tensorThe individual

polarizations irsuch a VSFG experimeate identified by a threketter symbol (e.gssp
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or sps) wheres indicates theslectric field vector of the light is parallel to the surface, and
p indicates the electric field vector is perpendicular to the surfddese three letters
represent the polarization of the three frequencies in order of decreasirgy (i.e. SF,
visible, IR).*® A more indepth description of the SFG process and SFG theory has

appeared elsewhet® 8

VSFG characterization emploga assembly described previousty Briefly, the
system uses aibra-HE Ti:sapphirelaser (Coherent3.3W 85fs pulseduration 1kHz
repetition rate) coupled to a visible optical paramearlifier (Coherent OPerA Solo)
to generate IR light. VSFG experiments were performed with-m@pagating IR and
visible fields with both fields passing through the @& silica slideand the signal being
detected in the reflected direction. The
0.5 em increments and the IR field was foc
respect to normal. The visible beam was spectrally stdteimd sliced using an 1800
g/mm grating and variable width slits resulting in a spectrally narrowed visible beam (20
cm?). After passing through two different delay stages, this beam was focused onto the
surface at an angle of 67° with respect to normlhen the IR and visible fields were
spatially and temporally overlapped, sum frequency signal was generated and directed
into a monochromator (SpectraP300i, Acton Research Corporation) where it was
dispersed onto a 1340x100 pixel CCD (PIXIS100B, ¢&ion Instruments). SFG spectra
were combined and normalized to a nonresonant gold system response using homemade

routines written in Igor Pro (v.6). VSFG spectra were corrected first for IR power using
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the nonresonant SFG response across the frequegioyn rof interest from a goldoated
silicon wafer.Spectra were then normalized by the SFG signal from a clean, hydrophilic
silica/vapor interface acquired under the appropriate polarization condition. All spectra
were then calibrated using the 2910*cmethyl symmetric stretch of DMSO at the

liquid/vapor interfacé®

A sample VSFG spectrum can be seen belowigure 3. This representative
figure, taken in thesppolarization combination, shows theHCstretching region of the

solid/vapor interface of a methyl terminated silica surface.

SF Intensity (arb.)

IIIII|IIII]IIII|III[|IIII|IIII|IIII|IIII|

2700 2800 2900 -1.3000 3100
IR Intensity (cm )

Figure 3. VSFG spectrum of the solid/vapor interface of a metiayhinated silica

substrate in thesppolarization combination.
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In this sample spectrum, two peaks are evident at 2910acm 2967cm™. These two
peaks result from the methyl group symmetric and antisymmetric stretch, respectively,
and are consistent wiibreviously reported daf&” The intensity difference between the
peaks also suggesthat the methyl groups are arranged predominantly with their methyl

C; axes normal to the surface.

RESULTS AND DISCUSSION

Schemel. Synthesisof functionalized silica surfacega) 6-Cyclodextrin attachment to
the silica surface; (b) dendronizationtbg silica surface followed by attachmentsf

cyclodextrin to the dendrons.
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Silica surfaces werenodified to display terminal alkyndsy silanization usingN-
(3-(trimethoxysilyl)propyl)propiolamid€8). The terminal alkyne8 werereacted wittb-
cyclodextrin aidle 10 by a Cu(l) mediatedycloadditiort®*® to afford surfac® (Scheme
la). Silica surfaces werenodified to display terminal aminéy silanization using-3
aminopropyltrimethoxysilanéll) to form surfacel2. Addition of the dendroi3was
accomplished by & displacemetof the core bromide by the terminal amines presented
on the silica surface to afford surfatelrhe alkyneendgroup®n the G1 dendron were
furthermodifiedby a Cu(l) mediatedycloadditionusingb-cyclodextrin aziddO to yield

surface6.
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Prior to characterization, slides were sonicated once in toluene and then three
times sequentially iMilli -Q waterand methanol. This purificatiomethod minimized
the environmental carbon and nitrogen that vpassent on the product slides, as
evidenced by XPS. High resolution narrow scans of the C 1s and N 1s regions of the
control after being washed by this purification method are shown in Figures 4a and 4b
respectively. The carbon 1s signal contains coutioips from multiple carbon sources.
First, the signal was fit with a central peak at 285 eV that was attributed to the binding
energy of spand sp hybridized carbons that are bound to carbon or hydrogens as shown
in Figure 4a (€H/C-C peak). Second, agher energy peak was fit that was attributed to
the oxygen and nitrogen bound®$p 1s emission (@/C-N peak in Figure 4a). A third
peak was fit that is in agreement with silicon bound C 1s emissie@ ff8iak in Figure
43)1%31% The signal from the scan dfie N 1s region shown in Figure 4b was minimal
(as expected) and is consistent with emission from a small amount of residual nitrogen at

the surface.
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Figure 4. XPS spectra of unfunctionalized surfaces. (a) High resolution scan of the

carbon 1s regionb] High resolution scan of the nitrogen 1s region.

Surfacesl and 2 were fully characterized to assist in the identification of more
complicated features of the other surfaces discussed in this work. Figures 5a and 5b show
the narrow C 1s spectra of the tjd and octadecyl terminated surfagespectively.

Both of these C 1s signals were fitted with two peaks, tH&/@C peak at 285 eV
assigned to Sphybridized carbon emission, and theSCpeak at 283.9 eV assigned to
the silicon bound carbon 1s emisi® The increased atomic concentration on the
surface o2 was observed in an increasedHIC-C peak becaus2is functionalizedwith

an 18 carbon alkyl chain whileis functionalized with a single methyl group.
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C 1s region of the methyl terminated surface 1.
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288 286 284 282 280
B.E. (eV)

Figure 5. (a) High resaltion XPS scan of the carbon 1s region of surfa¢e) High

resolution XPS scan of the carbon 1s region of sulace

Figures 6a and 6b show the C 1s and N 1s spectra dffireyclodextrinN-(3-

(silyl)propyl)-1H-1,2,3triazole4-carboxamide functionaed surface. In Figure 6a, the

C 1s signal was broad with a shoulder centered at 288 eV. The spectrum was

deconvoluted into five overlapping peaks in agreement with the expected atomic

structure of the organic monolayer. Two peaks, labeklt!@C and CSi are consistent
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with the C 1s emission attributed to’smd sp hybridized carbons and to-8i bonds as
previously described. The higher energy broadening of the signal was resolved into two
peaks. The C=0 peak in Figure 6a was fitted under the shaideentered at 288 eV
This peak fitting isconsistent with both the C 1s emission of the amide carbonyl carbon
of the tether and with the anomeric carbons in fifeyclodextrin. The second peak,
which is centered at 286.2 eV, was assigned to the C ssiemfrom nitrogen bound
carbons and hydroxyl bound carbons in BReyclodextrin and is labeled-O/C-N in
Figure 6a°% ®The lower energy broadening of the signal was fitted with a peak
centered at 283.1 eV, in agreement with #mission from the sp hybridized carbons.
The sp C pealndicates that some alkynes remain unfunctionalized in the converston of

to 3 (Scheme 1§°°
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(a) C 1s region of surface 3.
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Figure 6. (a) High resolution XPS scan of the carbon 1s region of suBfgt@ High
resolution XPS scaaf the nitrogen 1s region of surfa8e

Additional evidence of the triazole formation is supported g higher energy
broadening in the N 1s spectrum from surf@d@-igure 60, an effect that is absent in
data acquired with surfacd(Figure S1 in the @porting Information) This high energy
region is fitted with an additional peak centered at 401.5 eV in agreement with the
61.67’168

binding energy of the 1s emission of the central nitrogerNANEr of the triazol

Additionally, theN=N-N/R-NH, peak centered at 400.3 eV (Figure 6b) has increased in
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magnitude relative to the-8H, peak centered at 400.3 €Figure Slin the supporting
Information) because of the atldnal nitrogen contribution from the 1s emission of the
N1 (N-N=N) and N3 (NN=N) of the triazole ring®"*®® Both spectra were fit with peaks
centered at 398.4V (Figure 6b, Ad. N peak) in agreement with the N 1s emission that is
attributed to adventitious nitrogen and at 399.4 eV (Figure 6b, Amide peak) that is
assigned to the amide nitrogen. The observed lower energy shift relative to 3538 eV
attributed to the amide nitrogen being in proximity to an electron donating group.

Further analysis of the N 1s region of surfa®eand 3 was used to quantitatively
determine successful triazole formation; the calculations for this analysis are fully
described in the Supporting Information. The results indicated that 31% of the
propiolamides 0B were successfully converted to the triazoleS8 ¢Table 1). Overall,
the XPS spectra in Figures 4, 5, anth@icate that XPS is a very useful method fa th
characterization of surfaces bearing alkyl, alkynyl, triazaetaining, and b-
cyclodextrin functionalities. Based on comparison to these spectra and on additional in
depth analysis, XPS was used successfully to characterdzguantifythe dendronized
surfaces.

The XPS spectra of the C 1s and N 1s regiondeoidronizedsurfaces4 and 6 are
shown in Figure 7. When the narrow C 1s spectrafd6, which are shown in Figures
7a and 7c, respectively, are compared to the C 1s spectr@niFajure 6a), important
differences are notable. The@C-N peak for boti and6 is largerthan the same peak
for 3 (288.1 eV), indicating the difference between the alkyl tether and the dendron. This

peak arises from emissions of oxygen bound carbotise pdyaryl ether dendrasm and
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the nitrogen bound carbof$'®* The GO/C-N peak in Figure 7¢or 6 is significantly
larger than the same peak #in Figure 7a, indicating that addition &fcyclodextrin
was successfully achieved. The@0O/C=0 peak in Figure 7c fd@is also larger than the
C=0 peak in 7a fo#, and this peakas a binding eneygthat is in agreement with the
anomeric C 1s emission of the acetals present woligdglucosides. The size increase
for this peak was attributed to the presence of fikeyclodextrin present on the
surface'®31%910 Xps C 1s spectra f@, 4, and6 (Figures 6a, 7a, and 7c, respectively),
all display a peak at 283.1 eV, indicating alkyne functionality is present. This is fully
expected in Figure 7a for compoufiénd indicates incomplete triazole formation (most
likely because of steric hindrance) fdand6. Comparison of the spectra of tharrow
scan N 1s regions f@& (Figure 6b),4 (Figure 7b), and (Figure 7d) also indicates that

the XPS spectra are as expected for the reported sutfatés.
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Figure 7. XPS spectra of G1 dendron functionalized surfdcand b-cyclodextin
functionalized dendronized surfaée (a)High resolutionscan ofthe carbon 1s region of
surface 4. (b) High resolution an of the nitrogen 1s region ofudace 4. (c) High
resolution scan of the carbon 1s region wifface 6. (d) High Resolution Scan ahe
nitrogen 1s region of surfaée

Quantitative analys of the N 1s region of surfacdsand 6 was used to quantify the
percent dendronization of the terminal amines of surfezand the percent triazole
formation to yield surfacés. Equations are provided in the Supporting Information.
Amine functionalizedsurfacel2 was converted to dendronized surfatevith a 35%
conversion rate. The same analysis was performed for the formation of G2 dendronized
surface5, which was formed froni2 with 27% conversion. Addition of the bulkier G2
polyaryl system was lessfficient. The percent triazole formation was calculated per
dendron to be 31% and 48% for surfaée@G1) and7 (G2), respectively. Thus, the
overall amounts ob-cyclodextrins on surface8 and 7 was determined based on the
combined vyields for dendronization and triazole formation and was found to be very
nearly equivalent. Because the overall amounb-gfclodextrin on the dendronized
surfaces was constant, te#ficiency of binding of C152 to the dendronized surfaces is
directly comparable (see below). The results garnered from the quantitative analysis of

the XPS spectra of dendronized surfaces are summarized in Table 1.

Table 1.Surface reaction yields deteined using quantitative analysis of XPS.

| Slide | Dendronization | Triazole Formation|
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(surface) (surface)
Single Layer 31% @)
Generation 1 36% @) 31% @)
Generation 2 27% 6) 48% (7)

Further characterization of the functionalized surfaces was perfousiad surface
specific VSFG spectroscopy. Figure 8 shows #sp spectra of theb-cyclodextrin
functionalized surface8 (Figure 8b), of the first two generations bfcyclodextrin
functionalized dendron8 and7 (Figures 8c and 8d, respectively), andlod methylated

surfacel for comparison purposes (Figure 8a).
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Figure 8. VSFG spectra of (a) methylated silica surfdce(b) a silica surface with
tetheredb-cyclodextrin3, (c) b-cyclodextin functionalized generation 1 dendron surface
6, (d) b-cyclodexrin functionalized generation 2 dendron surface All traces were

taken in thessppolarization combination.

Peak assignments for the metbgtminated surface were described in the Experimental
Methods section. Assignments for the varidusyclodextrn terminated surfaces have
been made based on both previous experimental and computational Raman#fR data,
and previous SFG dat& All three b-cyclodextrin terminated surfaces share three main
features at 2848 ch 2873cm™, and 2943cm*. The 2848cm! and 2943cm* peaks

have been assigned to the methylene symmetric and antisymmetric stretches,
respectively. As these are welbcumented frguencies for alkane methylene stretches,
they are assigned to the alkane chain connecting the defidnsimply the b-
cyclodextrini to the silica substrate. The assignment of the peak at 2873sctass
straightforward. This feature lies where one doexpect a methyl symmetric stretch to
occur, but no methyl groups are present on surf@as/. The most likely explanation

for the peak at 2873 chris that it is due to the symmetric stretch of the methylene group
directly adjacent to the silicon ato As seen in Figure 8a,-@ stretches for the surface
methyl groups that are directly adjacent to silicon atoms have been shown to shift to
higher frequencies. One can also learn of general trends in orientational order by
examining the signal/noise ratidhe peaks in the utdendronized surface spectrum3f

(Figure 8b)aredistinctly more pronounced from the noise than the peaks in the spectra of
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either of the dendronized surfadgsr 7 (Figures 8c and 8d, respectivelfhe observed
loss in signal/nols suggests that either fewerHC containing functional groups are
present on the surfacer more orientational disorder occurs with the more bulky
dendronized surface8 and 7 than with 3. The increased ability of the dendronized
surfaces to bind C152 malgles (described belowyovides evidence suggesting that the
decrease in signal/noise is caused by a more disordered surface and not a less

functionalized one.

To evaluate the ability of each surface to remove and retain solutes from aqueous
solution, exgriments were performed with a coumarin solute, C152, dissolved in
agueous solution. (Also, see Figure B3the Supporting Information.) In aqueous
solution, C15206s emission maximum is 527 n
hexane. pon addition ofb-cyclodextrin to the bulk aqueous solution, the maximum
emission wavelength shsft7 nm to a shorter wavelengtimdicating that theb-
cyclodextrin i S binding to t he Cl52 and

environment.

The ability of b-cyclodextrn surfaces to retain C152 was tested using the
procedure described in the methods section above. The same general trends observed in
the bulk solution measurements hold true for the surfaces. Figure 9 shows a blue shift for
C152 molecules both bound bycyclodextrin(503 nm) and adsorbed to the hydrophobic
surface (499 nm) when compared to the unfunctionalized silica (511 nm). This

observation matches the blue shift seen upon additibrcgElodextrinto the bulk C152
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solution, and again suggests that aaled coumarins are experiencing a nonpolar
environment. Functionalized surfaces showed repeatedly reproducible behavior with

minimal signs of degradation after repeated cycling.
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Figure 9. Coumarin 152 adsorbed to (a) a clean slide, (b) a methyl fmatized slidel,
and (c) ab-cyclodextrin functionalized slid8. Black dashed traces are prior to addition

of the solution, solid red traces are after an hour of equilibration in the solution, dotted
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green traces are after the first soak in water, and short dashed blue tradés dhe a

second soak in water.

The sharp rise on the shorter wavelength end of the spectra is due to scatter off the
silica from the excitation light. This rise is present in both the functionalized and
unfunctionalized slides and is extremely sensitivslitte position and angle. This scatter
cannot be eliminated in a consistent manner from the individual spectra but contributes
only minor inconsistencies in baselines and absolute emission intensities. Data in Figure
9 (red trace) shows that C152 adsa@pentaneously to all three types of silica substrates
T hydrophilic (Figure 9a), hydrophobic (Figure 9b) dndyclodextrin terminated (Figure
9c) i but adsorbed C152 is retainedly by theb-cyclodextrin functionalized slide after
rinsing with water (dtied green and short dashed blue traces are comparable to black
dashed traces in Figure 9a and Figure 9b but not in Figure 9c). This observation
reinforces the hypothesis that retention of the dye by cyclodextrin functionalized surfaces
is due to specificbinding interactions betweeh-cyclodextrin and C152, and that
regardless the number of C152 molecules -specifically bound to hydrophobic
interfaces, they are all removed upon rinsing with water. As noted in the experimental
section above, the fluorescence results are sensitigéd® positioning; the blue and

green traces in Figu@are equivalent within experimental limits.

Figure 10 shows that similar data is acquired from the slides functionalized with
b-cyclodextrinbound to ¥ and 29 generation dendrorGand7. Both sarples appear to

retain C152 following several 60 second rinses with pure water. Furthermore, the
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emission wavelength of the C152 bound by both generatiobsylodextrindendrons
(503 nm) is consistent with the wavelength of the C152 bound by suBfadth b-
cyclodextrin functionalization but lacking the dendron subcompon&iot. summarize
these results, only a short (60 second) washing time was required to remaeve non
specifically bound C152 frorf (G1); repeated washings of surf&&eo not reduce the
amount of C152 that is bound. For surface(G2), a second washing did remove
additional C152, indicating that more C152 is bound-specifically to7 and also that

less effectively retains the solute from the solution via a specific binding mechanism.
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Figure 10. Coumarin 152 adsorbed to (B)cyclodextin functionalized generation 1
dendron surfacé and (b)b-cyclodextin functionalized generation 2 dendron surfdce

Black traces are prior to introduction to the solution, red are after an hour of equilibration
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in the solution, green are aftthe first soak in water, and blue are after the second soak in

water.

While Figures 9 and 10 show that all of the slides functionalized fvitiiclodextrin
retained C152, the fluorescence data from the silica surfaces cannot resolve the absolute
amountof C152 retained. To quantify the relative capacities of the three different
surfaces, each sample was rinsed with 50 mL of methanol to remove all detectable C152
from the surface. Figure 11la and 11b, respectively show retention of C152 after a 60
secondwash in water and complete desorption triggered by sonication in methanol. The
fluorescence excitation intensity of the wash was measured and compared to the
excitation from prepared C152/methanol standards. The amount of C152 rinsed from
each sample wassumed to represent the accessible numbércytlodextrinsites on

the surface, and this number was converted into a surface coverags@bddextrirs
capable of forming complexes with organic solutes in aqueous solution. The spectra from
the methanoilvashes o6 and7 are shown in Figures 12a and 12b, respectivalih
regards to Coumarin concentrations used in these experiments (2.6 mg/L), these
concentrations are higher than are typical for regulated pesticides in ground water but
only by a factor 6~3-4 in some cases. The signal to noise of our reported data exceeded
10 in many instances, inspiring confidence that these functionalized surface can, in fact,
be relevant for waste water remediatidine results, which are summarized in Table 2,
were informative: silica surfaces functionalized witf' @eneration dendror8 showed

the highest C152 binding capacity with a surface coverage dit® sites/cni, followed
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by 2'¢ generation dendrong with 1 x 10" sites/crd and finally b-cyclodextrin
functionalized slides8 with 3 x 10° sites/cni. All values are the average of at least three

trials.
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Figure 11. Representative spectra showing (a) retention of C152 after a 60 second wash

in water, and (b) complete desorption triggered by sonication inamaith
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Figure 12 Representative spectra of the methanol wash from (a) subfacel (b)

surfacer.

Table 2 Summary of results for the quantification of desorbed C152.

C152 nolecules/cm (x

Slide (compound) | [C152] (nM) | 10")

Single Layer(3) 11 3
Gereration 1(6) 78 20

Generation Z7) 44 10
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As expected, bottb-cyclodextrin dendronized surface6 and 7 adsorbmore
analyte molecules than surfac® which presented singly tethereflcyclodextrin
molecules at the surface. The observation that teedgeneration dendronized surfé&ce
adsorbs more C152 than the second generation suffeceounterintuitive, however,
since both surfaces bear the same overall amouicgélodextrin. One likely possible
explanation for the fact that surfa6eshowstwice the binding capability of surfadeis
that many of the termindi-cyclodextrin hosts on the second generation dendr@racé
inaccessible for binding by C152. The larger dendron appears to angle more of its
terminal cyclodextrins toward the suréaso that they are unable to encapsulate C152
because of steric crowding of largecyclodextrins on the dendron. Although
dendronization ofl2 did not occur quantitativelgn routeto formation of eithe6 or 7,
the increased density of coumarin bindinigs available for adsorption of C152 using
dendronized surfaces still enabled the adsorption of more C152 than could be adsorbed

on the nordendronized surfacg

CONCLUSIONS

Novel b-cyclodextrin functionalized silica surfaces that absorb targetegtasal
from bulk aqueous solutions were synthesized and characterized. First and second

generation polyaryl ether dendrons were tethered to silica surfaces. Cu(l) catalyzed
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cycloaddition Acl i cko bcycsledextrisdnto the deradonida s e d
surfaces, and #&-cyclodextrin functionalized surface without the dendron was also
reported for comparison purposes. These complex surfaces were characterized using XPS
and VSFS analysis. Both techniques indicated that the proposed architecture was
sucessfully synthesized. Although the synthesis procedure reported here was used for
the appendage di-cyclodextrin units onto dendronized surfaces, the route is highly
flexible, and a wide variety of endgroups can be added onto the alkynes on the dendrons
via triazole formation. Different generations of dendrons afford different surface densities

for the endgroup functionality.

These surfaces possess the adsorption and retention capabilities they were
designed forthe functionalized surfaces can be use@aggdly with highly reproducible
results. The adsorption ability was observed from fluorescence spectra of the
functionalized slides. These results showed that C152 had an affinity fob-the
cyclodextrin functionalized surfaces that persisted through multiple agueous washings.
Additionally, the adsorptive capabilities of the slides were quantified by analyzing the
wash from the slides after desorption was triggered. These results indategatibtrates
functionalized with first generation dendrons had a greater binding capacity than slides
functionalized either with monomeriecyclodextrin or with larger generation dendrons.
This result can be understood in terms of the tradeoff betwerimirang the density of
b-cyclodextrin on the surfaces. maximizing the number of-cyclodextrins that can be

accessed by a binding partner such as CIB2.studies reported here have provided a

t



95
methodology for characterizing and evaluating the progedienovel, highly functional

surfaces.
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CHAPTER FOUR

SURFACES DESIGNED FOR CATCH AND RELEASE OF TARGETED ANALYTES

Background

The synthesis and characterizatafrfunctionalized tpss surfacesvhich were
designed for reversible adsorptiavas the focus of this synthesis. These surfaces
capable of bindinghe targeted class of compoundslorobenzeneand chlorophenols,
nortcovalently inaqueous solutionsThey arealsocgp a bl e of Ar el easeo t
externaltrigger. The design of these surfaces was driven by the hypothesis that by
creating a complementary host environment through attractive intramolecular forces for
the targeted analytes, these surfaces would be capfgtidling the targeted molecules
out ofaqueous solutions. After the target molecules are encapsulated, the surface could
be triggered by a nedestructive stimulus which would disrupt the rmovalent
interactions. Thislisruption wouldrigger the relase of the target molecule and

regenerate the surface. This design is showrigare14.
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Figurel4: Idealized shematic of "catch and release" of a taedaenolecule. a) Targeted
molecule is able to form a gudsbst complex with the heterogeneously functionalized
Gl dendron silica surfaces, b) is Atrapped
and then dadsorbed c) by triggered release.

The polyaryl ether dendronized gaces which were previously described
provided an arnaof substituted aryl groups capable’ ef stacking and provide a
flexible framework Further functionalization of the dendritic terminal propargyl groups
would enable the installation of additional aryl groups férstacking. However, these
endgroupgapable of forming salt bridges whiokgpond to changes in pHefminal
alkynemodifications could be completed again to\azole formation using &luisgen
Cu(l) mediatectycloaddition Pyridine and benzene sulfonic acid were chosen as primary

candidates for this synthesis. BenzenHonic acidwill be in an uprotonated form in all

pH rangesPyridine, which haa pKa of ~5.2, is in a deprotonated form at higher pH.
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Al t hough pyridinebs pKa indicates the
be disrupted at a pH as low as 6, the triazolddtsignificantly influence the pKa of this
analogueand thereforexperimentgo determine the pH for the disruptianll be
pertinent. A substituted amine in the para position of the pyridine will increase the pKa,
however this substitution should sallow pyridine to be in its deprotonated riom
higher pH environmentdn additionto this thesulfonic acid provides an emission in the
2p regionfor XPS analysis that is absenttive pyridine. This feature would allow the
guantification of the pesnt of 4azido benzene sulfonic acid which was instatkddtive

to the total triazole formation on theeterogeneousurface.
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Results and Discussion
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Schemel: Synthesi®f functionalized silica surface@@) Synthesis fopyridine
dendronized surfaces; (b) sulfonyl dendronized surfaces; (c) heterogeneously
functionalized surfaces.

4-azidopyridinel was synthesized from-ehloropyridine by armatic

nucleophilic substitution as previously reportétiG1 polyaryl ether dendron

functionalized surfacg, which was previously reportéd was functionalized using
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Cu(l) mediated 1,&ycloaddiion of the terminal alkynes with azido pyridihieTo
synthesize the-dzidobenzene sulfonic adil a neopentyl protected sulfonyl benzene
boronic acid3 was converted to an azide by@u(ll)-catalyzed conversion of aryl
boronic acids.’® The neopentyl group was removed by a Finklestein reaction to give the
deprotected azido benzene sulfoniddc G1 polyaryl ether dendronizedrface2 was
functionalized with the termindlenzene sulfonic acidsy Cu(l) mediated 1;3
cycloaddition to give benzene sulfonic acid functionalized suifad&e synthesis of the
heterogeneously functionalized sudgd@wasaccomplished by thaddition of6 and1
after optimizing a solvent system for both azido compounds.

The surfaces laging terminapyridine, sulfonic acid and a mix of botkvere
characterized using-¥ay Photoelectrongg&ctroscopy¥XPS).The carboris signal from
surface2 contains contributions from multiple carbon sources. This signafiias
agreementvith the expectedrganic monolayer. The conversion of teeminal alkynes
were supported by the analysis of carbon emissions of ssfa8€e7, and8 as
previously describe(Figure204, Figure204, Figure203 Figure206), but further
analysis of the N 1s was need&d.

The XPS spetra of the N 1s regions of Giendronizd surface2, terminal
pyridine surface3, terminalsulfonic acidsurface7, and heterogeneo@isnctonalized
surface8 were analyzed to confirm successful triazole formation. Each figure contains a
spectrum(Figurel5-17a) of theN 1s region of the Gdlendronized surface prior to
functionalization with azid&, 6, anda mix of1 and6. These spectra were fit with three

peaks attributed to N 1s emissions of the secondary, primary and protonated amines
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present in the organic monolayé&ollowing Cu(l)-catalyzedriazole formatiorwith
azidel or 6, anda mix of1 and6 a higher energy broadening is presEigre15-17b).
A peak centered at 401.5 eV in agreement with the electron rich N®-{N<riazole
nitrogen was fitted to this region. In addition to this new feature, the peak centered at
400.3 eV which was in agreement to the presence of unfunctionalized primary amines,
increased in magnitude which was attributed to the additional contribution fronithe N
and N3 N-N=N) 1s emissions. Further quantitative analysis of each spedtrgurel5,
Figurel6, andFigurel7 validatedthatconsistent dendronization was observed in each
synthesisand supported successful triazole formation using dzates, anda mix ofl
and6. Quantitative analysis of surfaBgand7 was used to determine the site
composition by dividing 1 equivalent of the signal from the triazoles divided by one
equivalent of signal from all of the species present (dendron, amine, and secondary
amine). This was repeated for each species, as described in the quantitative analysis of

the XPS experimentaf® *"°Results for aide 1 and6 are reported beloTable1).
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Figurel5: (a) High esolution XPS scan of the nitrogés region of surfacg. (b) High

resolution XPS scan of the nitrogés region of surfaca.



104

300 —

250 — =

200 — o N
150 — Il
N

N(E)

N(E)

R

51
ey

O ©
i

—_—
1o-3-0-%0

406 404 402 400 398 396
Binding Energy (eV)

Figurel6: (a) High resolution XPS scan of the nitrogen 1s region of su#at® High
resolution XPS scan of the nitrogen 1s region of surface



105

400 —

300

200 —

100 —

300

200 —{r_

100 —

404 402 400 398 396
BE(eV)

Figurel7: (a) High resolution XPS scan of th#rogenls region of surfacg. (b) High
resolution XPS scan of thetrogenls region of surfac8.

Site Compositions
Slide Amine Dendron Triazole
3 3% 44% 23%
7 34% 3% 26%

Tablel: Site compositiongletermined using quantite¢ analysis of XPSSurface
compositionof surfaceB8 could not be determined by thisdventitious N is not reported
but was sometimes detected, which is why the site composition numbers do not always
equal 100%

The resonance attributed to the sulforglan surfac& was observed on the

high resolution scan of the S 2p regiagain confirming the sulfonic acid terminal

groups were successfully installéd.comparison to the S 1s region of the G1
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dendronized surfacgcontrol Figurel8black trace),le intensity of this signal was
small(Figure18red trace)which gave a calculated one to two atomic percent for the
surfacer (Figurel18). Given the expected atomic structwfethe organic monolaygethe
S 2p signal would be minimalo confirm this peak was indeed a result of the sulfonic
acid presented at the surface and not residual copper sulfate JCaSQrvey scan was
performed to confirm a signal attributed@oSQ, was absenffFigure19). In addition to
this, a high resolution scan was acquired of the S Bodfich was deposited on a
silicon wafer. This confirmed the signal centered at ~168 eV was attributed to the

benzenesulfonic acid dmot from a different sulfur containing spec{eggure201in

Appendix B)
%07 a

Dot A

e e om0 s

BE(eV)

Figurel8: (a) Smoothedilgh resolutionXPS narrow scan of the sulfur 2egion of
surface’. The sulfur 2p signal of G1 derahized surfac@ is absent as shown in the
black trace of figure 18. The presence of thiéus 2p signalof sulfonic acid
functionalized surfacé is shownasred trace
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Figurel9: (a) Survey scan dfeterogeneously functionaéd surface.

XPS spectriaanalysis and quantitative analysis of spectiaigure17 validated
successful triazole formation usiagnix of 1 and6. However quantifying the amount of
the triazole formation b§ and6 could notbe performed by XP3n prior analysis of the
pyridine functionalized surfacg the N1s emission fronthe pyridine heterocycl¢C-
N=C) was centered at 399eV.'** 1"" The magnitude of thipeak was fit in relation to
the pe& centered at 401.5 eV which ardsem the emission ofhe N2 (NN=N) in the
triazole ring and protonated aming@$erefore, the magnitude of the peak centered at
399.1eV should correlate to thmagnitude of themission of N2ninus the signal from
the protonated aminén the analysis of heterogenebuiinctionalizedsurfaces, the
triazole formatioras a result of pyridine addition could not be distinguished fram
triazole of thesulfonic acidendgroup Therefore, the imine nitrogea the heterocyclic
ring (C-N=C) did not correspond to tmeagnitude oto the N2of the triazoleand could

not be fit as a result of thiQuantifying the amount of triazole formation attributed to the
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functionalization of surfacd with sulfonic acid by XPS was also unsuccessiven the
signal intensity from the S 2p region fronrfsice8 it was not surprising thahere was
an absence of this signal in the same re@ftagure207). The signal would be expected
to decrease at least 50% for tieterogeneouslide 9 and therefore wouléhil to reach
the instuments detection threshold

Auger spectroscopy (AES) was performed using a Scanning Auger NanoProbe.
Auger eleatons have low kinetic energialues and therefore their escape depth is
limited to a few atomic layers from the bulk organic surface. Shuger is a surface
sensitive techniqyevaluating ~1 to B min depth comparedo XPS (100 nm)would
allow the surface analysis dfd terminal sulfupresentin addition to thisensitivity,
high resolution secondary electron imagingrefarelysis aea could be performed.

High resolution scans of the sulfur regiere first performed on the
homogenous surface (Figure208 XPS analysis and quantification supported the
successful installation of the terminal sulfonicdacG1 dendronized surfac2was used
as a contro(Figure) High resolution secondary electron imagingrefarelysis are of
Gldendronized surfacand sulfonic acid homogenously functionalized surfaaee
shown in Figure20 (a and b respectivelyT.he detection of sulfur was absent for G1
dendronized surfacgand presengulfonicacid homogeneously functionalized G1
surface7 (Figure20, blue) The results from these initial optimization expezins
confirmed the success of this technique. This experiment was repeated for heterogeneous
surface9 (Figure20c). The signal for the sulfur Auger electrons were deteagseshown

in Figure21. From thetheoretical calculation of nitrogen to sulfur ratio for
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heterogeneously functionalized surfé;¢he experimental ratio wagiantified These
results support that approximat@&§ %of the alkynyl groups were converted to triazoles
containingpyridineendgroupsand 32 %riazoles containingulfonic acid(Table2). The
high resolution secondary electron imaging oflgsis arex (Figure20c) further
supported the presence of sulfur, a feature which s on the G1 dendronized
surface3. This image area is shown agairFigure20d after removing theecondary

electron imagingf carbon.

Figure20: High resolution secondary electron imagingodlysis are of (a) G1

dendronized surfacghas an absence of sulfur detected(in b{bgpulfonic acid
homogeneously functionalized Glirface7. Sulfur electron mapping is shown blue.

(c) Heteogeneously functionalized G1 surfa&eSulfur electrormapping is shown in

blue. (d) To aid the visualization of the sulfur electron mapping sulfur of heterogeneously
functionalized G1 surfacg high resolution secondary electron imagofgcarbon atomic
mapping was remove@bserved red bleaching in the iges is an artifact of theES as
atomic layers were removed, exposing carbon saturated areas.
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Figure21: AES spectra from thieigh resolutiorscan of the sulfur LVV regiofor
heterogeneously functionalized G1 surf8cé) The derivative of the sulfur signal (b)
acquired from heterogeneously functionalized sur8ce

Reaction Yields
Slide | Dendronization Theoretical N/'S  Experimental
ratio for 1:1 mix

*78:1

4 45% 11:1 = ~68 % Pyridine

Table2: Dendronization and triazole formation &fleterminedising quantitative
analysisof XPS * Results from the experimental analysis to determine percent sulfonic
acid functionalization of surfaceby AES.

An unexpectedesultwas the presence of coppehich was resolved ithe hgh

resolution secondary electron imaging oélgsis are of heterogeneously functionalized
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surface8 (Figure22). The scanning electron microscope (SEM) imaga cbpper
particleis shown inFigure22a. High resolution secondary electron imagingha#
aralysis ar@ of supportethe copper signal detected was from copper oxidefy ot
CuSQ. To further support this,igh resoldion electron imagingf sulfur electrons was
performed on the analysis area. The atomic mapping spectra supported the copper

containing species was not composed of sufigure22c).

Figure22: (a) SEM of imaging area of copper detectiorghiesolution secondary
electron imaging othe ardlysis are of heterogeneously functionalized G1 surf&céb)
Imaging of copper oxide and)(sulfur atomic mapping of the same aoea
heterogeneously functionalized G1 surf&ce

Conclusion

Dendronized sdiaces bearing or 6, anda mix of1 and6 weresynthesized and
characterized. Theomogenous slidésand7 were characterized using XP&hdthe
degree of surface functionalization was adapted freethods previously describé@
Heterogeneous functionalized surf@e&asalso charactezedfor successful triazole
formationby XPS However the quantificion of how much of thériazole formatioron

8 could beattributed to the successful addition of thezddobenzene sulfonic acid was
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limited dueto the sensitivityimits of the XPSmethodology Therefore AES usinga
Scanning Auger NanoProla@d hgh resolution secondary electron imaginghod
aralysis ar@ wereperformed.The functionalized surfacagported heravill be usedoy
collaboratorsn spectroscopic studies to determindrtability to absorb targeted

analytes and respond to triggeredatbsorption.

Experimental Method

Materials and Methods

Quartz slides (25 x 25 x 0.5 mm) were purchased freinSsipplies. Prior to use
slides were cleaned in a 1 : 1 mixture (by volumeyudfiuric acid and nitric acid
(Macron Chemicals) for one hour and rinsed
4-Cloropyridine hydrochloride was purchased from AK Scientific Inc, and 4
(neopentloxysulfonyl)phenylboronic acid was purchased from Gaoloks.High purity
organic solvents were purchased from Fisher Scientific. All other chemicals used were

purchased from Sigmaldrich.

Pyridine Functionalized Polyaryl Ether Dendronized Surfaces3. Polyaryl

ether dendron functionalized sli8€0.2 slidg was plaed along the inside wall of a 1
dram vial holding a stir bar. Azidewas synthesized as previously report€dizide 2
(88 mg, 7 3nM), €EuBQ tatalys?(433ng, 294 umol, 98 mM), and ascorbic
acid (99 mg, 501 mmol, 169M) were dissolved in a 2:1 mixture of water and ethanol

(2 mL) and allowed to stir for 18 h. Slides were washed with 40 mL of-Rlilvater.
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Slides were sonicated forrtiin in 30 mL of Milli-Q water and for 1 min in 30 mL of
methanol. 8quential enications with water and methanol were repeatedaniitional

times. Slides were dried under a stream of argon and stored under vacuum

2.2-dimethylpropyl 4-azidobenzenesulfonate (5 4-

(Neopentylsulfonyl)phenylboronic act (292 mg, 1.1 mmol, 22 mMjvas converted to

an azide by £u(ll)-catalyzed conversion of aryl boronicids’® After 6 h, the reaction

was concentrated on celite. The celite was packed on silicaasdurified by flash

coumn chromatography with:9 mixture of ethyl acetate and hexa(i®s= 0.6 to

provide the neopentyl protecteeagidobenzene sulfonic esf@oduct6 (0.278 g, 966)

as awhitesolid.'H NMR (500 MHz, JM8.6OHr)H)w.29(dJE=8.6 ( d,

Hz, 2H), 3.68 (s, 2H), 0.87 (s ppm **C NMR (126 MHzMeOD) U 146. 12, 13:
129.62,129.62,119.35,119.35 79.49, 31.06, 24.824.87, 24.87 ppm.HRMS (Micro-

TOF) m/z 292.072 (calculated m/z M+Na = 292.@4 for C;1H15sN303S).

4-azidobenzenesulfonate (6 In a 10 mL round bottom equippeath a stir bar,

2,2-dimethylpropyl 4azidobenzenesulfonaéy(119 mg, 443 pmol, 89 mMyas
dissolved in butanone (5 mland the reaction wasdurght to reflux. 10 equiv. of Nal
was added to the reaction and allowed tofsti2 d This was repeated twice. The
reaction was monitored by NMR over 8 d until complete convemsamindicatedwhich
yielded the product as a yellgwecipitate. The prauct wasemoved by filtratiorand
washed wit8 times with 2 mL of butanone give sodium 4zidobenzenesulfonate

(0.050g, 57%) as a light yellow solitH NMR (500 MHz, DMSQGd;) U 7J=83 ( d,
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Hz, 2H), 7.02 (dJ=8.3 Hz, M) ppm 'H NMR (500 MHz Me OD) {#i=87. 76 ( d,
Hz, 2H), 7.04 (dJ=8.1 Hz, H)."*C NMR (126 MHz,CDG) U 139. 70, 131. 7
127.78118.73 118.73 ppm HRMS (MicreTOF m/z 197.996%calculated m/z M =

197.9968 for GHiN303S).

Benzene Sulfonic Acid=unctionalized Polyayl Et her Dendronized Surfaces

8. Polyaryl ether dendron functionalized sl8levas broken into 1/5 of the standard slide
size and one piecgas placed along the inside wall of dram vial holding a stir bar.
Azide7( 1 2. 3 mg, mMBCuSnaathlyst (1842mg, 419 umol, 210 mM), and
ascorbic acid (185 mg, 933 mmol, 467 miMgre dissolved in a 2:1 mixture of water and
ethanol (2 mL) and allowed to stir for 18 h. Slides were washed with 40 mL ofQMilli
water. Slides were sonicated fomin in 30 L of Milli -Q water and for 1 min in 30 mL
of methanol. 8quential enications with water and methanol were repeated two more

times. Slides were dried under a stream of argon and stored under vacuum

HeterogenousFunctionalized Polyaryl Ether Dendronized Sufaces 9

Polyaryl ether dendron functionalized sligiésilica or silicon oxideyas placed along

the inside wall of 20 mL scintillation vial holding a weighted dowrdram vial and a

stirbar. Azid2( 117 mg, 971 emo¢bd4d &g, mEMM), Guaib d e
catalyst (73 mg, 293 Omol, 27 mmWMweaeand asc
dissolved in a 2:Inixture of water and ethanol (2 mL) and allowed to stir for 22 h. Slides

were washed with 40 mL of MiHQ water. Slides were sonicated fiomin in 30 mL of

Milli -Q water and for 1 min in 30 mL of methanoédsiential enications with water and



115
methanol were repeated two more times. Slides were dried under a stream of argon and

stored under vacuum.

Auger spectroscopy (AE®hysical Electroies model 710 Scanning Auger

NanoProbeElemental analysis was performed using <8nm with a 20kV, 1nA electron
beam as an enhanced latesgdtial resolutionThe instrument is equipped with a

cylindrical mirror electroranalyzey and Schoktyiéld emissiorelectronsource

Quantitative XPS Analysis of Surface Functionalizati@nantitative analysis of

the XPS was performed using the methodology published by Geiger amtkers and
previously reported for dendronized surfacd$!™ Dendronization: The data from the
XPS N 1s spectraf heterogeneously functionalized surf@oeas used to calculate the

dendronization as expressed in Bguation2.
POQe Qe QO W6Q6£t——-—— pPpTNT
0 0 0
Equation2: Calculation for percent dendronization of dendronized surfaces.

The integrated areas from the peaks centered at 399.0 eV, 400.1 eV aneM01.2
are expressed as#, Asoo, and Ay, respectively; these areas atgibuted to the
secondary amine formed from successful dendronization, the primary amine, and the
protonated amine signal, respectively. The percentitbnization is calculated ugithe
Asgoterm, which is assigned to one equivalent of the assigned functional group. This term
is divided by the denominator, which is composed of one total equivalent of amine, in its

unprotonated and protonated form, and the secondary amine.
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Site Compsition: 1 equivalent of the signal that is assigned to each triazole
formed is determined using equation 2. One equivalent of signal from triazole spgcies A
is equal to the change in the integrated area centered at 401.30e¥ nAnus the signal
from the protonated amine species, as shown in equation 3. Equation 4 was derived to
calculate this with an asterisk used to designatentegrated areas after the 4,3

cycloaddition occurred.

(eq.2)

0 0z g4 89" (eq.3)

The site composition of the triazole species was calculated by dividing 1 equivalent of the
signal from the triazoledivided by one equivalent of signal from all of the species

present (dendron, amine, and secondary amine). This was repeated for each species, as

shown in equations 5, 6, and 7.

YE OXIAQOMB ¢ Q——— (eq.4)
8

Y OBRE QP E (eq.5)
8

YE S Q — £ (eq.6)

Although pyridine contribtedanadditioral N 1s signal, this did not affect the
calculations. This resonance was present in the final step, centered ~ 399.1 and equivalent
to the A,. Therefore this peak was set to an equivalent intensity t{¢=Nto accurately

assign the intentsi of the GN-C peak attributed to successful dendronization.
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CHAPTER FIVE

CHIRAL SURFACES AND CATALYTIC SUPRAMOLECULAR SYSTEMS

Background

The development ofhdral organic surfaces capable of chiral discrimination or
catalytic activitywas the focusfahis synthesisBecause of the limitations of predictive
tools forchiral crystalline materialghere is a great need for ration@signof new,
syntheticchiral surfaces®*° The synthesisf these surfaces was driven bg th
hypothesis that by using the previously described dendronized surfaces, chiral
modifications could be acowplished by copper mediated d;@cloadditionsA
challenge for chiral or prochiral recognition by chiral surfases/ercoming the steric
forces to allow for adsorption. The poly(aryl ether) dendron frameworks provide
flexibility , which allow the relief of teric strains as well as providitngrminal alkynyl
groups thafacilitate modular incorporation of endgroups
Thedifference in interaction enerdy 2 KJ/ mol) between a pair of chiral species be
small.*** **?Because of thinotherchallenge in the development of chiral surfaises
developing synthetic methods whipreservahe homogeneity of the surfacend
synthetic desigwof a chiral organic surface would enable control over the chirality of the
surfaceand therefore provide preservation of enantioselectiwitgactions catalyzed by
the surface'®® > *Mild conditions ofthe 1,3cycloadditionwould preserve the

integrity of both the monolay@ndthe chiral centers, providingpbmogeneousoverage
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Results and Discussion

A small sample of chiral amino acids wa®sen to demonstrate the compatibility
of the dendronized framework nAazido alanine analogue an amphiphilic azido
ornithine6, and a bulkyazidoproline7 were chosen as a diverse representatiothisr
surface functionalizatio(Schemel). Further, because of the precedence in the literature
for the @S)prolinecatalyzed asymmetric aldol reactjéwo generation®f proline
functionalized dendronized surfaces capable of this enzymatic transformation were

synthesized!® 1’

(Me0),8i” >""NH,

-

>
Toluene, reflux 2 h
Hunig's Base

Toluene, reflux 2 d

M (o}
Me . ./\/\N o
6 N3/\/\HI\OH H
NH, .

7 N3~O,000H
NH N _-amino acid CuSO0, Ascorbic Acid

3
5,6,0or7 rt18 h

H
NH =
CuS04 Ascorbic Acid
o rt18 h
(o) %

Schemel: Schematic of the synthesis of functionalized siiugfaces(a) Synthesis of
chiral dendronized surfaces; (S, 4S)4-azidoprolineattachment to G2 dendronized
surfaces.
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Dendronization of silicalides was accomplished byst forming a monolayer of
terminal aminesisingaminoproyltrimethoxysilaneAPTS) 2. Further modificatiorby
Sn2 displacement of the core bromide on the den8rdgcorated the surface with
terminal alkynes as previously descriiedorm4.'”° The terminal alkynes of the G1
dendronized surface were further elabordte€u(l}-catalyzedriazole formation using
optimized Huisgen 1;8ycloaddition reactions fazide 5, 6, and7 to give surfaces, 9,
and 10. G2dendronized surfackl was functionalized witlazide7 to give proline

functionalized G2 dendronized surface

HN{ HN{ HN{ "%
si Si si s
o ? o ? o’ \\? o 90
Jo S0 of]) Fo S0 of]) Yoo of]) FoSo%iof)
8 9 10 12

Figure23: Schematic representations of chiral dendronized surfaces.

Full characterization of surfacés 9, 10, and12 were performed using XPS. The

analysis of theC 1s regiorof the activated amine surfaeand dendronized surfadeor
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11 has been previously describ€dChiral surfaces8, 9, 10, and12 did not have any
new distinct carbon features andréfere were assigned-H/C-C, GO/C-N, and a SIC
peaks®¥'%417 Theincreased intensity of th@ 1s emissionvasattributed to theddition
of the chiral amino acids. Howevéurther analysis of the N 1s region was needed.

A stack plot ottheN 1s region of the terminal amine functionalizedface2,
dendronized surfacg and alanine functionalized surfa&@e shown inFigure24.
Successful dendronization of surfé&e/as evident by the appearance of a low energy
broadening in the spectrum of surfakcé\ peak cetered at 399 eFigure24, purple
trace)was fit under thidroadening and is consistent witte presence of secondary
aminesas a result of the dendronization of the surf&odowing the copper catalyzed
1,3-cycloaddition, tle formationof the triazole provided distincthigh energy
broadening irtheN 1s region that was absent in the dendronized sutfaeeldition to
this new feture, the intensity of the peak centered at 400.3 eV increased. This is
attributed to the emigmn of theN1 (N-N=N) and N3 (NN=N) of the triazole ring®’

This analysis was again repeated for the ornithine functionalized sQrfacdine
functionalized surface®0 (Figure25), andproline functionalized G2 surfade (Figure

26).
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Figure24: XPS spectra of the synthesis of alanine functionalized sutgle resolution
scan otthenitrogen 1s regionf (a) amine functionalized surfa2e(b) G1 dendronized
surfaced, and (c) alanine functionalized aryl ether dendron sur8ace
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Figure25: XPS spectra of chiral amino acid functionalized surfaces. High resolution scan
of the nitrogen 1segionof (a) ornithine functionalized dendronized surf@cand(b)
ornithine functionalized surfacko.
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Figure26: XPSspectraof proline functionalized G2 dendronized surfd@e

Quantitative analysis of surfa& 9, 10, and 12 was used to determine the site
compositionby dividing 1 equivalent of the signal from the triazoles divided by one
equivalent of signal from all of the species present (dendron, amine, and secondary
amine). This was repeated for each species, as described in the quantitative analysis of

the XPS experimeal. 1** 1> The results of this analysis summarized iTable 3.
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Site Compositions
Surface Amine Dendron Triazole
8 48% 32%% 20%
9 33% 45% 21%
10 47% 27% 26%
12 43% 30% 36%

Table 3: Sitecomposition results from the quantitative analysis of su®a®gl10, and
12. AdventitiousN is not reported but was sometimes detected, which is why the site
composition numbers do not always equal 100%

The smallestluiral azido group yieldeda 3846 conversiorof terminal alkynes to
triazoles on surfac® The bulkier azido ornithine groups were less effidcjeappended,
with a32 % calculated triazole formation. Howevdre chiral prolineconversion rate
from surfae4 to G1 dendronized proline surfat@was 49% and surfacd1 to G2
dendronized proline surfad® was 55 %

In addition to silica surface functionalization with chiral amino acids, PAMAM
dendrimers functionalized with catalyst were prepared by aoldbrs. Phenylalanine
andimidazolidinonefunctionalized G(2) PAMAM dendrimek3 and14 were by XPS.
Their synthesis and use as catalystimantioselectiveeactions is being evaluated and

will be reported by the collaborators.
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Scheme2: Schematic representation of the condensation reaction to yield imidazolidone
functionalized PAMAM G(2) dendrimer.
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Figure27: XPS spectra of phenylalanine functionalized PAMAB{2) dendrimerl3 and
imidazolidinonefunctionalizedPAMAM G(2) dendrimerl4. (a)High resolution san of
the carbon 1s region of dendrini. (b) High resolution&n ofthe nitrogen 1s region
of dendrimerd3. (c) High resolution san ofthe carbon 1s regmof dendrimed 4. (b)
High resolution san ofthe nitrogen 1s region of dendriniet.
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XPSwas used to confirm the successful condensatighehylalanine
functionalizeddendrimes and pivaldehyd€Scheme?). The high-resolutionnarrow
scans of the C 1s and N1s regiond®&nd14 are shown irFigure27a, c and b, d
respectively. The carbon 1s signapbienyldanine functionalized dendriméBwas
broad and contained a high energy shoul@eshownn Figure27 a. This signal was
deconvoluted into four peaks which were consistent with the distinct features of
phenylalanine functionalized dendrimgfgst, the signalvas fit with a peak at 285 eV
which is in agreement to tfeenission of the mand sp hybridized carbons of the
benzylic end groups (EI/C-C peak inFigure27a).*°* Next, the higher energy
broadening of the signal was resolved into two peaks centered at 286.1 eV and 285.5 eV
which were labeled @l and alpha C respectivel{? 1*These peaks were fit in
agreement with the C 1s emission of nitrogen bound carbons and the alpha carbons to the
carbonyls of the amides present in the multivalent scaffold. A peak, which was centered
under the higlenergy shoulder as shown in Figure 4a, was fit at 288.1 eV and was
attributed to the carbonyl carbons present in the PAMAM dendrimer and terminal
phenylalanine groups (C=0 peakfigure27a). The signal of the N 1s region of
dendrimerl3 was centered 399.9 eV with a high energy tailing. A peak, in agreement
with the N 1s emission of amichétrogenand tertiary amines, was centered at this energy
as shown by the green traceFiigure27 b.*"> %181 The peak centered at 400.2 eV (blue
trace inFigure27 b) was assigned to the peese of the terminal amines dendrimer
13.163:182A small overlapping peak at 401.3 eV indicated the presence ohptet]

terminal amines (purple trace Figure27 b).*83
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Further analysis of the C 1s and N 1s narrow scans supports the successful
formation of the imidazaflinone functionalized PAMAMS5(2) dendrimerl4. The C 1s
atomicconcentration increase is evident of the successful addition of tHrutgrgroup.
This is supported by the ratio of theHIC-C peak to @GN peak which increased in
magnitude compared to the uncyclized dendrib@g(fFigure27 a). In addition to this, the
N 1s spectrum centered at 399.9 eV has low energy broadening which is absent in
dendrimerl3. This region wadit with a peak at 399.2 eV in agreement to the presence of
secondary amines which implies the successful cyclizaidorm the imidazolidinone
ring.*®* >The higher energy broadeug of the N 1s narrow scan déndrimer13 is
nearl diminished in the same region of dendrirhidrA single small peak was centered
400.2 eV which arises from the presence of terminal amines and therefore intheated
was not a quantitative conversion of phenylalabntne imidazolidinone. This was
further supported biH NMR analysisdemorstrating the usefulness tfis

characterization method with catalytic dendrimers phgsisorbed to silica wafers.

Conclusion

Chiral surfaces were synthesized and characterized using XPS. Three azido amino
acids,5, 6, and7 were successfully appended to G1 dendronized surf@ges.
dendronized surfacEl was also functionalized witf2S, 4S)4-azidoproline7. This
yielded a second generatiohcatalyst functionalied dendronized surfaces. Both

surfacesarecurrenty under studyas catalyst for enantioselective reactidrsmall, but
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diverse sample of chiral amino acids wassen to demonstrate the scope of the
modification reaction. Th&unctionalization of dendronized surfaaasuld easily be
tuneal to display vapbus chiral engroupscapable of chiral recognitioithis method of
characterization was applied to tKBS spectra of phenylalanine and imidazolidinone
functionalized PAMAMG(2) dendrimes. These dendrimers were deposited on silica
wafers and XPS wagserformed. The experimental analysis confirnsedcessful
cyclization of dendrimet3 and pivaldehydéo afford14. This data was in agreement

with the conversion rate of 88%hich was determined B4 NMR.

Experimental Methods

Materials and Methods

Quartz fides (25 x 25 x 0.5 mm) were purchased froRi Supplies.
CyclohexylamingR)-2-azidopropanoate ({azidoalanine CHA salt) and (2)(((9H-
fluoren-9-yl)methoxy)carbonylamine}-azidopentanoic acid ( (Fmdcazidoornithine)
was purchased from Chiralix.$24S)Boc-4-azidoproline was purchased from Combi
Blocks. Prior to use slides were cleaned in a 1 : 1 mixture (by volume) of sulfuric acid
and nitric acid (Macron Chemicals) for one hour and rinsed with deionized water
(Millipore, 1 8 . ganidéqglyents widre puithaged from FFighero r

Scientific. All other chemicals used were purchased from Sigldach.

G1 Polyaryl Ether Dendron Functionalized Surfacesl. G1 polybenzyl ether

dendrons were synthesized by previously described methtidSSilanization of silica
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surfaces waaccomplisheas reported®**®®> Synthesiof 4 was adapted from previous

work 1™

A 10 mL Teflon beaker equipped with a stir bar was placed in a 50 mL Teflon

beaker filled with 40 mL ofoluene and brought to refluXwo slides were placed

between the walls of the coated beakers aathBopropyltrimethoxysilane was added

and stirredor 2 h. Slides were sonicated for 30 s in 40 mL of toluene. In a new 50 mL

Teflon beaker equipped with a 10 mL Teflon beaker containing a stir bar, 40 mL of

toluene was brought to reflu$lides were placed along the inside of the 50 mL beaker.
Gldendra (50 e moLl )ofanHlun2z gés base were added e
Slides were ultrasonically clean&mt 1 min in 30 mL of tolueneSlides were sonicated
foriminin30 mLof Milli-Q water (18.2 MgAcm) and for 1

Sequentiakonications with water and methanol were repeated two more times. Slides

were dried under a stream of argon and stored under vacuum.

Alanine Functionalized Polyaryl Ether Dendronized Surfaces 8(R)-2-azido

D-proponoate cyclohexanaminiualt (265 mg, 120 umol, 130mM)was dissolved in
water (10 mL) and 1 M NaOH (aq) was added dropwise to bring the solution to pH 11.
Theaqueous layer was washed watlnL portions of DCMhree timesand the combined
organic layers were extracted with 5 mL of water. Tlaeawlayers were combined and
lyophilized. The resulting solid was dissolved in DMSO, filtered, and the solvent was
removed by lyophilization to give the sodium salb@l69 mg, 98 %) as a white solid.

'H NMR was consistent with previously reported d&taolyaryl ether dendron

functionalized slidet (0.33 slide) was placed along the inside wall of a 2 dram vial
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holding a stir bar.Azido-D-al ani ne (28 mg, 2 1lcatalstiB@mg 44 mM
, 329 emol , 6 6 MmM) , and a%mM wdredissolaedind2:1( 9 5 mg
mixture of water and butanol (5 mL) and allowed to stir for 18 h. Slides were washed
with 40 mL of Milli-Q water. Slides were sonicated fomin in 30 mL of Milli-Q water
and for 1 min in 30 mL of methanoleuential enications with water and methanol
were repeated two more times. Slides were dried under a stream of argon and stored
under vacuum.

5: 'H NMR (300 MHz, CDCY) U 3J=8.4 Hz( 144), 1.43 (d] = 7.1 Hz, 3) ppm.

Ornithine Functionalized Polyaryl Ether Dendronized Surfaces 9 FmocL-

azidoornithine was deprotected using standard conditions to gigea@)oornithine-®”

189 polyaryl ether dendron functionalized slii€0.2 slide) was placed along the inside

wall of a 2 dram vial holding a stir barAzido-L-ornithine (41.1 mg, 266 mo | , 2 1 mM)
and CuSQcatalyst (87.7 mg, 352 umol, 176mM), and ascorbic acif (8§, 1.81

mmol, 907mM) were dissolved in a were dissolved in a 2:1 mixture of water and ethanol

(2 mL) and allowed to stir for 18 h. Slides were washed with 40 mL of-Rlilvater.

Slides were sonicated fomiin in 30 mL of Milli-Q water and for 1 mimi 30 mL of

methanol. $guential enications with water and methanol were repeated two more times.

Slides were dried under a stream of argon and stored under vacuum.

Proline Functionalized Polyaryl Ether Dendronized Surfaces 102S, 4S)

Boc-4-azidoprolinewas deprotected using standard conditith8to give (2S, 4S¥%-

azidoproline. Polyaryl ether dendron functionalized sligidaced in a 50 mL Teflon
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beaker containing 80 mL Teflon beaker equipped with a star and 8ml. (2S, 48}
azidoproline (R2DmM)am@EuSeé 80 akwmet , (1038 mg,
mM ) and ascorbieacid (217 mg, 1.09 mmol, 8%M) dissolved in a 2:inixture of water
and ethanol (12.5L) and allowed to stir for 18 h placedbetween the inside wall of
the 50mL beaker and outer wall of the 10 mL beaker, and allowed to stir for 18 h. Slides
were washed with 40 mL of MilQ water. Slides were sonicated fomin in 30 mL of
Milli -Q water and for 1 min in 30 mL of methanol. &ations with water and methanol
were repeated two more times. Slides were dried under a stream of argon and stored

under vacuum.

Phenylalanine and Imidazolidinone Sampitica wafersvere washed with

acetone, dried under nitrogeand then treated byonolysis for 1 h200 pL of MeOH

was washed overhenylalanine functionalizeBAMAM G(2) dendrimerl3 (20 mg and

then20 pL was deposited on silicon wafer and dried under a stream of nitrogen. This was
repeated withmidazolidinonefunctionalized PAMAMG2 dendrimerl4 on a new

silicon wafer.

X-ray Photoelectron Spectroscopy (XP$he functionalizeslides were

characterized usingPS. The analysisvas conducted on a Phgal Electronics 5600ci

XPS system equi pped wi trdys. The analysiharcaaithe i z e d
sample wa$.8 mm in diameter. Electron emissions were collected at 45° to the normal

of the surface, and the spherisaictoranalyzer pass energy wadected as 23.5 eV

for high-resolution scanning and as 46.95 eV for a survey to achieve optimum energy

A
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resolution and count rate. Initial representative survey scans were acquired from 0 to 600
eV for 5 sweeps (sw) at 0.4 eV/step, and 20 mS/step. Foefetdmental analysis, high
resolution (HR) scans were acquired for the C 1s (~280 to 291 eV, 2 sw), N 1s (~394 to
405 eV, 5 sw), O 1s (~528 to 537 eV, 2 sw), and Si 2p (~98 to 106 eV, 3 sw) regions.
The acquisition parameters were run for 6 cycles atév3skep and 20mS/step. For all
spectra, the background of all regions were subtracted using the Shirley bacKgfound.
Peak positions were normalized to the C 1s peak at 285.0 eV and were fitted to functions
having a 100% Gaussian line shape. Bindingrgies were normalized to the C 1s.The

data acquisition and da#malysis waperformed using RBD AugerScan software.

Quantitative XPS Analysis of Surface Functionalizati@nantitative analysis of

the XPS was performed using the methodology publiske@diger and covorkers**°
Calculations for aides 5 and6 were performedby previously reporteddapted methods

for dendronized surfacé$® This methods demonstrated belofer azide6.

Site compositionTo determinghe site compositiord, equivalent of the signal that is
assigned to each triazolerfioed is determined using equation@Qne equivalent of signal
from triazole species Ais equal to the change in the integrated area centered at 401.5
eV, Aqo15 minus the signal from the protonated anspecies, as shown in equatian 2
Equation 4 waslerived to calculate this change, with an asterisk used to designate the

integrated areas after 1,3 cycloaddition has occurred.

z

(eq.1)

8 Z 8

0 oz 5 —82° (eq.2)
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The site composition of the triazole spedmssurfaced was calculated by dividing 1
equivalent of the signal frothe triazoles divideddy one equivalent of signal from all of
the species present (dendron, amine, and secondary amine). This was repeated for each

species, as shown in equatid)<l, and 5

YE OEINQOR ¢ &R (100) (eq.3)
Y O@WBE Qb E—— - p T (eq.4)
“YE 00XNQb Q — i - - - - pTT (eq.5)

These calculations were adapted for the addition contribution from the amine signal as a
resultof ornithine additionThe signafor eachterminal ornithine addition was set to 1

equivalent of A.
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CHAPTER SIX

SUMMARY AND CONCLUSIONS

Galectin3 has been shown to be-opgulated in many types ofincerandhas
been implicated to play a role in more aggressive phenotype®fore it is important
to developgrameworks to mimic theolyvalent carbohydratgalectin3 interactiors
present in theemetastatipathwaysTo study the effect of multivalency omlgctin3
mediated homotypic cellular aggregatidéour polyamidoamine (PAMAM) dendrimers
(G2, G3, G4, and Gayere functionalized witiN-acetyllactosamineAn efficientfour-
stepchemoenzymatic route was developedwhichthe regiochemistry of the galactose
addition toN-acetylglucosamine functionalized dendrimesscontrolledusing a
recombinanb-1,4-Galactosyltransferas&)DP-46Gal Epimerase Fusion Protein (IgtB
galE). HT-1080 fibrosarcoma, A549 lung, andJEL45 prostate canceell lineswere
used incellular aggregatiostudies In the presencef G(2) and G3) LacNAc PAMAM
dendrimersgalecin-3 was diverted from its normghlectin3/MUC1 pathway which
inhibited aggregation. However, in the presencdefiargerglycodendrimers
homotypic cellular aggregation was inducédthough theN-acetyllactosaminosides
havesimilar observableffects on cellular aggregation to the effects that weexiously
reportedwith lactosides functionalized dendrimettse results obtained here indicate that
broadereffectiveranges of concentrations and smaller deviations from the measured
averagegan be otained for glycodendrimers that are functionalized with higher affinity

monomers (i.ethe LacNAc functionalized PAMAM dendrimejs
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Novel poly(aryl ether) dendronized silica surfaces designed for reversible
adsorbtion of targeted analytes were synthesemed a methodology for characterization
using Xray Photoelectron Spectroscopy (XPS) was developed. Usinglamediated
cycl oaddi t i o nb-cyclodeitrio Was appended to dendronized surfaces and
also to a nosdendronized surface for comparison purpobBes/clodextrinfunctionalized
G(1) dendronized stacesadsortedtargeted analytesith greater efficiency than
surfaces functionalized witmonomeridb-cyclodextrin andarger generation dendrons.
b-Cyclodextrin functionalized surfaces retedC152through multiple agueous washes
but its reversibilitywas demonstrated by analyte deagbtion when exposed to a
Atrigger edo rtethie thanegritydf the oagdnit monolayer was
preservedind providedeproducible results through multiple trials.

Therefore, G(1) dendronized surfagesre further modified to develop a new
class of surfacesapable of reversible adsorptioA heterogeneous mixture of sulfonic
acid andpyridinewas appended to the dendronized surfBeee to thdimited sensitivity
of the XPSAESwas used to quantify a ~ 7 rdtio of pyridines to sulfonic acids
installed. Homogenousulfonic acid and pyridin&(1) dendronized surfaces were
functionalizedand characterizedr comparison

Additionally, G(1) dendronized surfacesgere functionalized witlechiral amino acids
R-alanine, Sornithine, and $rolinesurfaces were synthesizadd characterizefbr
chiral recognition studie3.hese chiral amino acids are capable of forming salt bridges
and it would be of interest to study their efficiency for reversible adsorl6i@).

dendronizedurface wereadditionally functionalized with -proline, and bothG(1) and
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G(2) proline functionalized slides will be compared to a monomeric proline

functionalized surface for their efficiency to catalyze asymmetric aldol reactions.
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APPENDIX A

RELEVANT SPECTRAL DATA FROM CHAPTER TWO
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Figure47: *C NMR spectrum (126 MHz,eDMSO) of 5b.
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Figure53: *C NMR spectrum(126 MHz, ¢-DMSO) of5d.
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Figure55; 'H NMR spectrum (600 MHz,DMSO) of 6a.
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Figure57: Smoothed MALDI TOF spectrum for compouéd M,, = 8,700
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Figure58: *H NMR spectrum (600 MHz,sDMSO) of 6b.






















































































































































































































































