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ABSTRACT

In this work, we used supramoleculateractiongo construct systems that respond to
analytical stimuli and report on specific chemical species in solusorgoptical spectroscopic
techniquege.g. absorbance and fluorescence spectroscopy), affording low cost and high
sensitivity. To obtain selectityi, we used crosgeactive sensors (organic dyes, conjugated
polymers) to generate differential response patterns when exposed to families of subtly different
analytes of interesiThe differential responses produced large data sets that were interpreted
using weltestablished pattern recognition algorithms, such as linear discriminant analysis (LDA)
and principal component analysis (PCA)

We first report on conditions and methods based on linear discriminant analysis to predict
the identity and compositioof samples containing metal ion mixtures without prior physical
separationa common shortcoming of these systems. We also report on a {sighsitivity metal
ion sensing array composed of novel fluordased conjugated polymers with high affinity
groyos to detect nine divalent metal cations down tof@ddn freshwater, and to 10@M in
seawater samples collected from the Gulf of Mexico. This robust system was sufficiently
sensitive for detection below the maximum mandated concentrations set by the US
Environmental Protection Agency (EPA) for toxic metals in drinking water and aquatic

ecosystems.

Similar highly sensitive, fluorerbased conjugated polymers were used again to detect
pollutants with intrinsic characteristic light absorption such as polgcgromatic hydrocarbons
(PAHSs) and azo textile dyes. Instead of chemical interaction with these analytes, the polymers



displayed good spectral overlap with the absorbance spectra of the targets, leading to changes in
their optical spectrum caused by theer filter effect, where the analytes themselves acted as

Afchemical filterso.

Finally, we investigated the nature of the binding interactions between PAH probes and
amineterminated poly(amidoamine) (PAMAM) dendrimers. Using tirasolvedfluorescence,
fluorescence anisotropy, and selective quenching experiments, we used two probes, anthracene
and pyrene, to highlight distinct binding modes and locations to the polycationic,
macromolecular PAMAM hosts, paving the way for future applicatodrssich charged

polymers with interesting affinity towards hydrophobic guests.
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CHAPTER 1

INTRODUCTION

1.1 Supramolecular chemistry

Supramolecular chemistry is the study of molecular assemblies and intermolecular
interactions irartificial systems.Over 30years agpJearMarie Lehn Donald Cramand
Charles Pedeea brought significant attention to the field of supramolecular chemistry, winning
the Nobel Prize in chemistry in 1987. Sinber,considerableesearch involvingntermolecular
interactionsand molecular selissemblyjhas been undertaken for many applicatiohgarly in
this field, commorsystems studied involde variety of molecular recogion processe$,
includingelectrostatic interactions, hydrogen bonding, and cdtioni n t e pravidihgi o n s ,
relatively weak interactions that agasilyreversibleunder thermodynamic controking mild
conditions® In fact, even reversible covalent interactions have also ine@duced as systems
with similar features tmon-covalentsupramolecular chemistry; namely reversible bond

adductformation, generating products at continuous thermodynamic equili§rium

Given the many types dafitermoleculainteractions accessible fdre molecular
assembly of multiple chemical species, it is often the case that supramolecular systems benefit
from a variety ofpossible interactions relating to the host, guest, and bulk surroundings.
Therefore, it is important toutline and summarize each of tt@valent anchon-covalent

supramoleculainteractions that are relevant to this work.



1.1.1Metal-ligand coordination

Metalligand coordinative interactions anaique, in that they camaveelectrostatic
characteristicdbut are primarily driven by the covalent nature between a metal acceptor (Lewis
acid) and a organic donor (Lewis basé¥.Therefore, these interactions have found widespread
use in supramolecular chemistry thanks to their-gdlefinedand weltknowngeometies
compared taveakemon-covalent interaction®©wing to thehighly predictable nature of
transition metal coordinatiowith labile ligandsseltassemblyf small moleculesisingthese
coordinativeinteractions offes greatercontrolover design, sizes, and dimensionshefdesired
supramolecudr ensemble®

1.1.2Electrostatic interactions

Electrostatics are among the strongestoovalent interactions, rangg between
5-250kJ molt.°® Generally, they involve either an attractive force between oppositely charged
species or a repulsive force between mgewith the same charge. These interactions can range
from full formal charged species to weaker dipdipole interactions.
1.1.3Cation-" and polar-" interactions

Gener al | ywithina melgcsl¢ aeerassociated with regionslettron density
above and below the plane of the & bonding scaf
positively charged cations, with relatisgendgh (seeSchemel-1); in fact, this attractive

interaction can be on the same order as a hydrogen bond with strengths be80&dmsI
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Schemel-1 The stabilizing interactiobetween a potassium cation*(Keft) and primary
ammonium cation (NEf, right) andthe face of a benzene molecule

Given its quadrupolar nature, benzene and other aromatic congpcamalso interact
with polarized hydrogen bonds (such as water or ammohi&g cation” i nt er acti ons,
involves an attractive fordeet ween the partially negative cha
partially positive hydrogen atoms. This interaction can also occur between an aromatic moiety
and a polarized €1 bond, such as that shown3chemel-2. An example of a practical

application using these kinds of interactions is writing and erasing on paper with a graphite

pencil, in which the aromatic graphite interacts with the polysacahé@llulose) of the paper

throughpola™ i nteractions, a nsdhese imteractionshvib @ompettivea s e r e
CH- interaction®?with the graphite.
®
NH3
R .|I\\\\\H

O
Y4

Schemel-2 The attractive interaction between a polarizedl 6ond (-carbon of ammonium
group) and the face of a benzene molecule.



1.14 - interactions

-~ and aromattiic i nteracti onagean(ardctv® t er me d
interaction between the negative region 06gstem (e.g. face of an aromatic ring) with the
region of positive electrostatic pot¥Thesa al ('t
interactions can be quirominent especiallywhen mostlynon-polar aromaticompoundsre
introducednto water, incorporating a large hydrophobic component to the system. Contrary to
the commost aekimmgd, the two °~ systems are not
displaced to allow the appropriate regions of the molecules to attain an attractive interaction

(direct stacking would be highly unfavorable and repulsive Sebemel-3).

Schemel-3 The favorable displaced (or slipped) stacking of two benzene molecules.

1.15 The hydrophobic effect

Using more polar solvents (such as water) can foorepolarmolecules together, even
in theabsencef appropriate functional groups for intermolecular bindilsgjshown in
Schemel-4, the basis fothis phenomenors a favorable entropic gainy the solventas forcing
theaggregation of hydrophobic molecules frees up many more solvent molecules from having to
solvateeach hydrophobic molecuiedividually, thereby lowering the overall free energy of the

systent14
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Schemel-4 The hydrophobic effectlisplayinga greater number ofvater molecules being freed
up when two hydrophobic solute molecules are brought together, causing an entropic gain and
lower overall free energy of the system.

1.2 Molecular sensing methods

Molecularsensing refers to the aspects of supfdamdar chemistry and molecular
recognition thaarecoupled with a detectable changeimeasurablmacroscopic property of
the system, resulting in amalytical signaf. This signal modulation can be challenging,
requiring distinct molecular oegnition receptors that can change the chemical or physical
properties of the molecular environment upon exposure to structurally similar analytes (good
selectivity), while at the same time transforming the perturbations into useful signal changes at
thedesired concentrations (good sensitivi§Zommon signalransduction methods use either
optical spectroscopy or electrochemical approaches, and for many years, fluorescence
spectroscopy has led the way as one ofribstsensitive optical signal transduction
techniques® Moreover,UV-vis absorption, although less sensitive, has also been extensively
studiedbecause of its extreme ruggedness, wide availability, and ease bf tige work, we

will focus mainly on absorbance and fluorescence spectroscopat signsduction.
1.2.1Crossreactive sensing

Typical sensor design uses a pudposebdt and key
receptor is used to selectively bind a specific analytavever, this process for molecular

sensing can be cost intensiveddaime consuming if one attempts to target multiple analytes,



requiring the design and synthesis of specialized receptors for each analyte. Therefore,
differential molecular sensing has been extensively used as an alternative appieaidned to
mimic theolfactory and gustatory sensing systems, in whichspmtific sensors generate
responses that produce recognizable patterrefalyte classification and identificatiof®
Akin to biological chemosensory sgms, the individual receptors themselves are not highly
selective for any one stimug; instead multiple receptors respond differentially to a single
analyte(e.g.anodorant in mammalian olfactory systemahd also any one receptor responds to
many anajtes?®?! Thesekinds of promiscuous, nofselectivechemical sensgrsystemsalso
termedcrossreactive have gained widespread interest over the2@gears in the chemical
sensing community with the advent of chemical or electronic noses or tddgties.
1.2.2 Array -basedsensing

Given the builkin nonselectivity of crosseactive sensing, a series of receptors are
arranged in an array style format, whose collective and chemically diverse response leads to the
discrimination of manimilar analytesdesgned and developday many researchers, such as

Anslyn, Anzenbacher, and othg¢seeSchemel-5).242°



“Fingerprint” of analyte A “Flngerprmt” of analyte B

“Flngerprmt” of analyte D

“Fingerprint” of analyte C

Scheméel-5 A visual representation of a crem=active sensing array with neelective
receptors, whose exposucefour different analytes () provides distinct response patterns
(1. e. Aichemical fingerprintso) that can be in

More specifically, colorimetric and fluorometric sensing arrays often combine the good
sdectivity from array sensing with high sensitivity from optical spectroscopic methods, and are
recognized as high throughput and inexpensive detection methods of many analytes in a single
experiment®?® In recent years, pattern recognition methods have been developed by other
research groups for the detection of an assortment of analytes including small organic

s*4" nanoparticle$® and bacteria in biofilm matricé8In fact,

molecules’®*! gase$?** proteins:
chemical fingerprinting has even been extended to the ideitfn of more complex chemical
processes, such as molecular aggregation and enzyme aftivilyray sensing approaches
invariably produce complex responses, often leading to multivariate data sets. The resulting large

data sets are typically infgeted using welestablished data processing and automated pattern

recognition techniques, as described below.



1.3 Chemometric pattern recognition and data interpretation methods

The response patterns generated from the data collected in samajs@reoften too
cumbersome to be interpreted by simple analytical calibration methods; instead, the wealth of
information is interpreted using multivariate methods, which aid in reducing the dimensionality
of the information contaidin the large dat setS2°* The two methods used primarily
throughout this dissertation are linear discriamhanalysis (LDA) and principal component
analysis (PCA). Analysis using LDA issaipervisedechnique, meaning that the samples are
classified before data processing is carried out, whereas PCA is considereshsoervised
sincesample identity islassified as a result of the analysis. Therefore, these two methods are
often run in tandem to ensure that the result
analysis are representative of strong underlying chemgspbnsesf the array componentm
thefollowing sections, we will discuss these twailtivariate techniqueis more detail.

1.3.1Linear discriminant analysis (LDA)

The LDA algorithm operates on a data set to generate a new set whose descriptor
variables are linear combinations of thegoral instrumental variables, constructed so that
maximum separation between sample clusters is achieved, while at the same time minimizing
separation between replicate measurements for the same anzfljitee descriptor variables,
calledfactors are returned in decreasing order of information content. This important feature
allows for straightforward dimensionality reduction, where one can drastically reduce the size of
the data set by retaining only the first few, most important, factors with minimal loss of
information. After retaining only the first two factors, each stenipthe transformed data set is
now associated with only a pair of numbersfatsor scoreswhich can be used as data points in

a twodimensional plot, called scores platAlso provided by the LDA analysis are ttaetor



loadings i.e. the contributions of each raw measurement to the LDA fa&orse we will most
commonly reduce our results down to two dimensions, we will typically be most interested in the
makeup of the first two factors, which will be presented by adineensonalloadings plot For

these reasons, LDA hasdmene an increasingly popular multivariate data processing method,

usedby top researchsfor the detection of explosivé$>® peptides? and proteins®
1.3.2Principal component analysis (PCA)

Principal component analysis (PCA) is one of the most common statistical treatments
used for the interpretation of sensor arratad@etS:%? Unlike LDA, the unsupervised PCA
method interprets the data by preserving the variances within the data, without classification
beforehandSpecifically, PCA reorganizes the datafinging linear combinations of the original
data, generatingrincipal componentéPCs),which are the corresponding eigenvectbixlie
in thedirection of maximum variance within the data set. Similar to LDA, the PCs are also
reported in decreasing order of ithéegree of variancdhus, PCA merely summarizes and

highlights latent features in the raw data set.

From the standpoint of array sensing, successful PCA resutsdprovideclear
clustering ofreplicates for the same samplehile maximizing thalifferencesetween different
samplesusing two or three relevant PGdis concept ismot aforegone conclusion d?CA,
although it isanintrinsic aspect othe LDA algorithm Therefore a successful PCA can not only
report directly on the discriminatory ponef the sensing systerbut alsconthe quality of the
arrayd0 gsponseAs such, PChiasreceivel considerablenterest as &requently used
multivariate data processing method faainy importanarraysensingapplicationdor a variety

of relevant analies®%*



1.4 Polyelectrolytes
Polyelectrolytes are polymers whose repeat units contain charged functional groups;

polyanions and polycations refer to polymers with multiple negative and positive charges,
respectively Structurally, polyelectrolytes can take many forms and architecinodsging
linear, branched, or hyperbranched polymers, as sho®ohamel-6. They have found many
practical applicationéSchemel-7) in water treatmerf drug delivery systenf€,among many
others®” One major advantage of polyelectrolytes is the large number of charged groups that
increase their solubility angsability in water solution, which depends on the size of the polymer
and the number, location, and density of the solubilizing gréams.e of these polymers haae

hydrophobic backbonas is the case for macpnjugated polyelectrolytes.
@®
-

Schemel-6 Structural representation of linear (left) and hyperbranched (right) cationic
polyelectrolytes.
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Schemel-7 Representative exampleswéll-knownpolyelectrolytes’ (left) hyaluronic acid, an
anionic polyelectrolyte used as a lubricant to alleviate joint pain; (right) poly(ethylenimine) (PEI)
is a cationic polyelectrolyte that is used in industiakte treatment&ed fragments denote
charged functional groups on each polyelectrolyte.

1.4.1Conjugated polymers

Conjugatedolymers two of whichare displayed Schemel-8, are macromolecules
with a conjugated backbone, whasdended -systemdeads to uniqueelectronic(e.g.
conductivity) and opticabropertiesTheyoffer significant advantages ovineir smallmolecule
counterpartssuch asnore cooperativehigh affinity analytereceptorand norspecific
interactionsas well asamplified collective responseo theintermolecular interactiorf§
Therdore, conjugated polymers have been extensively studied over the 138ty2ars among
their many applications, their uas emergent fluorescent chemosensory matéoatsprove
the analytical sensitivitpf typical fluorescence sensdras been widelgxploited(see

Schemel-9).

Poly(p-phenylene) Poly(phenylene-ethynylene)

==

Schemel-8 Chemical structures of representative conjugated polymer backlftaigs
poly(p-phenylene) and (right) poly(phenyleréhynylene).
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Sensitivity related to K,
[Bound receptor]

[Unbound receptor][free analyte]
-

Collective amplified response
+@P
Schemel-9 Traditional chemosensor whose analytical sensitivity is related to the conicentrat
of bound receptor (binding constanqKvs. receptors wired in series, whose collective

response leads to signal amplification and sensitivity enhancement. This scheme was adapted
from Swager et af

The enhanced sensitivity not onlyattributed tacooperativencrease in the association
constants from more binding sites, but dtsexcited state (exciton) migration along the
conjugated polymer chafif’* For example, as excitons diffuse along ploéymer, they may
encounter a bound analyte at a remote binding site, which can act as a quencher and drastically
reduce the overall fluorescence signal from the polymer; this collective response has been termed
t he fAmol ec ul?8Asawdpresentatve éxanple,dhis energy migration to a local
minimumwas demastrated by Timothy Swager and-workers for a
poly(phenyleneet hynyl ene) conjugated polymer, emittin
group’#In particular for conjugated polyelectrolytes, additional common factors that can also
influence emission includguenching induced by polymer aggregation in certain solvents, and
also analte-induced aggregatioft.’® Given these unique properti€njugated polymers have

found many analytical applicatioiéa variety of sah systems have been reported for the
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detection of many analytes, including small organic molecé$€4 metal cation$>%8 and

biologically relevant target§®?
1.4.2Poly(fluorene) co-polymers

Poly(fluorene)based polymers (s€&chemel-10) are weltknown as brighblue emitters
with rigid, rod-like structures, analogous to pgiyhenylenetype polymer$>%4 The fluorene
monomer can be coupledth conjugate spacer groups in an alternatingpolymer assembly
to achieve highly tunable (opto)electronic properties. Another advantage of fluorensps the
carbon atom (highlighted in red 8chemel-10) that is available to covalently attach pendant
functional groups, often used to add water so
backbon€>®® Another common conjugadgolymer backbone is poly(phenylesthynylene),
which has been studied extensively by Schanze amebekers, displaying quantum yields and
quenching sensitivity comparable to pdliyorenes)® Despite the many similarities between
poly(p-phenylene) and poly(fluorene) polymerse tfifferential quenching responses can often
be quite different, owing to their greatly different frontier molecular orbital (FMO) energies,
tendencies to aggregate in water, and fluorescence lifetimes, due to structural changes between

their ground and eited states$?%102

£
GO,
Fluorene Poly(fluorene)

Schemel-10 Chemical structureof fluorene monomer angbly(fluorene) Thesp’ carbon atom
used to covalently attach metal binding ligands is highlighted in red on the monomer structure.

In the following, we willpresent a variety of fluoreHsased cepolymers for sensing
applications that contain conjugdtepacer groups, including4-phenylene §-phenylene),
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ethynylene, and thiophene groups, covalently linlkkemiake up themonomer that, when

polymerized, generates the alternatingpotymer conjugatebackbongseeSchemel-11). The

change in conjugatdinker provides an assortment of electronic properaésring the

polymerds correspondi ng,whgrdas titegpeéndeatprsngd®ups scopi ¢
in Schemel-11) can be used to adjust the binding affinity e nhance the pol ymers

solubility, and to add appropriate optical modifier groups.

1,4-phenylene  ethynylene thiophene

Schemel-11 Chemical structure afiovelpoly(fluorene)alternating cepolymers with examples
of “-spacers used to make up the conjutjaseckbonehat will be used in this work for
analytical applications
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CHAPTER 2

CHEMICAL FINGERPRINTING OF METAL CATION MIXTURES

2.1 Introduction: the problem of mixtures

Patternbased array sensing techniques, also known as chemical fingerprinting, have been
extensively used in the Bonizzoni research group for the dateatstructurallysimilar
analytesAs mentioned previouslyhese methods offer improved selectivity thanks to the
anal yt eeadivediffevestml responses to only a few promiscuous receptors, rather than
usingonespecialized receptdor each aalyte Despite their increased selectivity and high
discriminatory power, array sensiggstemsftenfalter when exposed to analytes in a mixture.
As is the case for other detection methods ge¢ectiverecognition methods), often physical
separations needed before the analytes can be successfully differentiated (eMSGC
HPLC); this is no different for chemical fingerprinting systems. For exarapémif an array
sensor is able to differentiat@o pure analytes, the systemayoften respond npredictably to a
mixture of thetwo analytes. This is depicted Figure2-1, using a scores plot as a common way

of presenting results in pattern recognition.
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Figure2-1 Depictions of the linear (green) vs. nonlinear (red) relationshipd®n a 1:1 mixture
of analytesA and Band the response of its pure components.

This visual representation displays two separate cases for the response of an array
towards a 1:1 binary mixture. One might assume thatefcan traina pattern recognition
system to recognize pure substangemnd B,then the response of a 1:1 mixture of the two
would fall halfway between them (@ear response, green section). However, thisfiennot
thecasein most array sensing systems (red section), due to inhesaliearities in the
analytical response of the underlying chemical sensors in the array sensing platform. Typically,
either the user is operating in a nonlinear portion of the analytical responseocuhgechosen
signal transduction method daest respond linearly. Consequently, predicting where an
unknown mixture would falbased on the response to its pure compongmetsceedingly
difficult. On the other hand, a completely linear response would make unknown mixture analysis
remarkably straightforard for allpossible mixture For example, a 2:1 mixture of A:B should
fall two-thirds of the way towards the pure A clustera line that connects the A anctBsters

In this chapter, we will discuss the design and development of anlmsayl sensor that is able
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to linearly map pure analytes and their mixtures in admeensional plot. Theesults werehen
used to accurately predict the contents of unknown mixdamngples. Furthermorthe system
was also constructed to respond lineanlghanges in varyintptal analyte concentrations,
allowing for asimultaneougjualFquantitative determination of thratureandconcentratiorof

an unknowranalytecontainedn amixture using onlya single experiment without the need for

physical separation prior to detection.
2.2 Project design

This chapter will demonstrate that pattéased analysis of mixtures candmhievedf
the array components are carefully controlledieat the underlying chemical interactions, the
analytical signal transduction method, dhddata processingnethodrespond linearly. For our
system, UWvis absorbancepectroscopy was chosen as the analytical detection method, due to
the ease with whitarigorous linear dependence of signal intensity (absorbance) on changes to
concentratiortan be achievedoreover, this linear dependence t&nretaineaver a
concentration range spanning several orders of magnitude by making simple changeslin optica
path length. The croggactive, chemical receptors needed tadrefullychosen for the array so
that their absorbance signals would change significantly, differentadtiljinearly upon

exposure to multiple analytes.

To ensure strong linearity ihte r ec e pt o r s drgasicdygswere choskneas g e s
sensorshat arewell-known to form highly favorable supramolecular complexes with
analytes of interesthese strongnteractiors would becharacterizedy binding curves with
robust, linear fatures. Thus, divalent metal cations and their mixtures were chosen as testbed

analytedor our design principleAlong with being viable candidates for mixture analysistah
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cation detection is of greptacticalimportance because of thamplications to human health

and environmental safet{®

After screening severalyd candidates for inclusion in a cragsctive style array
(Figure2-2), two very good metabinding dyes were found that provided excellent linear
characteristics, neging the desired specifications. The two dyssd in this studyxylenol
orange (XO) and methylthymol blue (MTBJre shown irscheme2-1 and have long been

known toform strong coordination complexes withultiple metal cationg+1%°
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Figure2-2 Absorbance spectra of various dyes (ARSpBD AC, 30uM; PV, 30uM; CF,
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19



R1_R2
X0: H  CHj
MTB:CH; CH(CHj3),

Scheme2-1 Chemical structures of xylenol orange (XO) and methylthymol blue (MTB) in their
likely protonation state in neutral water solution (pH.4).

Finally, linear multivariate data processing metlsadereselectedor the array sensing
system, namely linear discriminant analysis (LDA) and principal component analysis (PCA),
whose goal is to fintinear combination®f features in the data that best differensaie
analstes of interestindeed, there have been many reported examples in the literature for the
differentiation of metataionsusing LDA and PCA algorithms for multivariate data analysis,

although these exampleaffeedf r om t he fApr oH¥® m of mi xtureso.

Using metal cations as a valuable proof of principle, we first hoped to demonstrate that
the twadye array could differentiateumerouglivalent metal cations qualitativelfs a first
step, benchtop absorbance measurements wemperd to determine the regions of greatest
differential response when metal iomeretitrated into each dyé\s arepresentativexample,
shown inFigure2-3, Ni(ll) displayedvast absorbance signal changes at different regions in the
spectrum, as Ni(ll) was titrated inemchdye. More importantlybased on each d§gebinding
profile, there are clear regions in the binding cuav&78 and 604m for which the responss
completely linear with respect to increasing Ni(ll) concentratidariower Ni(ll) concentrations

there is a steep linear increase in absorbance, followed by a plateau at High [Ni

20



(A)

o141 XO + Nill
. 012
3
S 010
(0]
g 0.081 l
o
2
S 0.06 -
[%2]
o
< 0.04 {
0.02 4
0.00 . g
300 400 500 600 700 800
Wavelength (nm)
(B) 0.25 -
MTB + Nill
~0.20 {
3
©
-
© 0.15 -
Q
c
©
2
S 0.10 - l
[%2])
Q0
<
0.05 A
0.00 . . . ; :
300 400 500 600 700

Wavelength (nm)

800

Abs. at 578 nm

Abs. at 604 nm

0.16 -

0.14 -

0.12 4

0.10 -

0.08

0.24 -

0.20 4

0.16 -

0.12 -

0.08 -

0.5

1.0

1i5 2i0 2i5 3i0
[Ni"] / [XO]

[Ni"]/ [MTB]

Figure2-3 (A) Representativebsorbance speetacquired over the course of the titration of XO
(5¢ Mwith NiCl2 (0-14.4¢ M and correspondingothermfrom the same titratioat 578nm.

(B) Representativelmsorbance speetacquired wer the course of the titration MTB (7.5eM)
with NiClz (0-21.7¢M) and corresponding isotherm from the same titration ané®4
Measurements were conductedHsO solutionbufferedto pH 7.4 with50 mM HEPES

Metal bindingtitrations were carried out witkightdivalent transition and main group

metal chloride salts into each df@uChk, CoCh, NiClz, MnCl,, HgChk, CdCb, PbC}, and

ZnCh), t o

a s c er t areastivetbéhaviodanckeliseér resporsesupon exposunese t

metal ionsThese absorband#ration spectra for XO and MTB dyes are displayedrigure2-4

andFigure2-5, respectivelyFor consistency, all titrations were carried ouagueous solution

containing50 mM 2-[4-(2-hydroxyethyl)piperazifi-yllethanesulfonic acigHEPES buffer)

adjustedtopH . 4. To

prevent
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used throughout this study were chloride salts, sincis @lwellsolvated and relatively inert

anion in neutral water solutid! For clarity, acomparison of all eight divalent metal chloride
salts titrated into XO and MTB dyéspresented ifrigure2-6 asprofilesat 578nm and 604m,
respectivelyAs the metal ion concentration was increased, noticeable differences in behavior
were observed. For example, at a M(I1):XO ratio of 2:1, very markedelifées in the

absorbance were apparent for thd Zs. CU' vs. Ni' complex at 578m. This varied behavior

for all metal iongs a consequence of the underlying differences in binding modes and affinities

(e.g.bindinggeometry, stoichiometry).

22



(A)

0.14 -

0.12 -

0.10 -

0.08 -

0.06 -

Absorbance / a.u.

002 {

0.00 -

0.04 -

(©)

(

Absorbance / a.u.

0.14 4

0.12 4

0.10 4

0.08 -

0.06

Absorbance / a.u.

0.04

0.02 4

0.00 -

)

Absorbance / a.u.

(G)

0.12 4

0.10 1

0.08

0.06

Absorbance / a.u.

0.02

0.00

0.04

3
o
-
(9]
Q
j =
I
£
[=}
%]
o)
<
300 400 500 600 700 800
wavelength (nm)
3
<
-
Q
o
=
I
o)
2
[=}
%]
e}
<
800
wavelength (nm)
3
<
g
()
(5]
C
<
£
o
(%]
Q
<
300 400 500 600 700 800

wavelength (nm)

Figure2-4 Absorbance spectra of XO §6M)
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Figure2-5 Absorbance spectra of MTB (7es5M) , up on ado€h B)JNELh, of ( A)
(C) MnCly, (D) CuCh, (E) CdCh, (F) HgCl, (G) PbCh, and (H)ZnCl, (0-36.5uM).
Measurementwereconducted irH2O solution buffered to pH.4 with50 mM HEPES.
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Figure2-6 Binding isotherms from the titration @fliquots of eight metal(ll) chlorides into
solutions of xylenol orange (XO,& Mtop) and methylthymol blue (MTB, 7.& Mbottom) in
buffered water (pH 7.4, 5&M HEPES).

From absorption profiles such as those presentédjure2-6, metatdye binding
constants could baetermined for the divalent metal ions shown above with XO and MTB dyes.
Experimental data was fit to binding models usingHlypSpec2008oftware; aepresentative
example for these fittingsith Ni(ll) into each dyas displayed inFigure2-7. Absorbance data
used for fitting was selected based on the largest aidehanges in the spectra (typically from
500-700nm). These results indicathat theXO and MTB dyes display vastly different
stoichiometries; XQends to form a 1:2 metal:dye compfedowed bya 1:1 complex.

Surprisingly, a 2:1 complewas not obsengefor the XO dye. On the other hand, the MTB dye
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appears to form a 1rhetal:dyecomplex, andx2:1 metal:dyecomplexat higher [M],
presumably bindingnemetal ion on either side of tliye Given the very similar chemical
structure of each of these dyes, thisprisingdifference in stoichiometrior metal bindingvas
welcome for our proposed system, since eachcdperespond differentiallgnduniquely to

variousdivalent metal ionslependhg on their chemical nature and concentration
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Figure2-7 Representative titration profiles upon addition of Ni@Gto XO at 578 m (left) and

MTB at 604nm (right), along with the corresponding nonlinear fit obtained usieglypSpec
software. Dotted red lines display the profiles obtained from the fit of the blue experimental data
points to a 2:;land1:1 dye:cation model for XO vs. a lahd1:2 dye:cation model for MTB.

Solid colored lines represent the relative concéiotra of free dye (green line), 1dye:N{'

complex (brown line), and the 1MTB:Ni" or 2:1XO:Ni" complex (blue line) as Nigls

added over the course of the titration.

The determined binding constants for all eight divalent metals into each dyeseated
in Table2-1. Comparison of 1:1 binding constants &ghtmetal ions inteeachdye gave values
ranging from 18to 10°°in favor of dyemetal complex formation. These values are indicative of
strong bindhg affinity coupled withwidespreadrariability, spanning several orders of
magnitude The strong affinity assures that binding curves diglplay near linear behavior over

a wide rang®f metal ion concentrations for all divalent metal iontghis stug/, while the good
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variability provides a basis for successful discrimination using these dgessaseactive
receptorsn apatternbasedsensing array
Table2-1 Binding constants for 2:1, 1:1, and 1:2 dye:metal complexesnaut from norinear

fitting of the absorption profiles from the titration of metal(ll) chlorides into dye soluitons
buffered water (pH 7.4, 5&M HEPES)

M 2+ X0 MTB
(LogK, , + LogK, ) (LogK, , + LogK )
Mn 5.46(5) + 6.14(1) 6.00(2) + 4.97(4)
Co 6.3(3)+ 7.88(9) 8.6(2) + 6.7(7)
Ni 5.5(2) + 7.36(6) 7.47(3) + 6.27(6)
Cu 6.3(1) + 8.30(4) 9.29(7) + 7.7(2)
Cd 6.6(2) + 7.82(6) 7.06(3) + 5.91(6)
Hg 6.8(1) + 6.35(3) 6.89(4) + 5.52(8)
Pb 5.88(7) + 8.62(2) 8.42(2) + 7.27(5)
Zn 6.8(3) + 9.6(1) 9.8(3) + 7.9(7)

2.3 Qualitative results

In addition to those observed at 571@ (for XO) and 604m (for MTB), further
differences were also evident in other parts of the spectrum for eachedgecomplex. This is
evident inFigure2-4 andFigure2-5 (e.g. changes iabsorbance between 4600 nm). Taken
together, these features would in principle allow one to uniquely identify the nature of each metal
by analysis of the absorbance spectra at relatively high concentration. However, distinguishing
each metal at lower ogentrations would become increasingly difficult: instead this wealth of
information was interpreted usimgmputationapattern recognition techniques, which could
identify the differential behavior observed in the benchtop titrati@ngen the strong biding,

and therefore, highly linear spectral response with changing metal ion concentration, this system
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provided an ideal testbed for our hypothelse retaining a nearly linear response from all array
components will yield a patteftmased sensing systethat accurately predicts the nature and
concentration of analytes amixture without the need for physical separation

For repeatable acquisition of absorption data at multiple waveleogtimany different
metal cations, dyes and metal ion solutioresavaid out on 384vell microplates and
experiments were conducted on an automated plate reader. For qualitative experiments, plates
contained 1%eplicates of each metal sample, together with dye reference standards and buffer
blanks. For the initial qui#ative experiment, the array of XO and MTB dyes was exposed to
eleven divalent metalhloridesalts:Ba', Mg", Fe', Mmn", Cd', Ni"', Cd', Hg', Cd', zn', and
PW'. All conditionsfor the plate were identical to the benchtop titrations shown gartie H,O

solutions buffered to pH 7.4 wits0 mM HEPESand metal chloride salts were used throughout.

In addition to the divaleritansitionmetal ions from the benchtop titrations)' Feas
added to thanalyte panellron(ll) could not be included in the benchtop titrations shown above
because of its instability in aqueous solution. More specifically, iron(ll) teniks stowly
oxidizedto iron(lll) in solution by dissolved oxygen in watéf.The resulting acidic Feaqua
complex is then susceptible to iependent hydrolysis to form insoluble precipitates, leading to
major inconsistencids Fe' concentration over tim&3 Therefore, iron(ll) was not included in
themore timeconsumingoenchtop titration shown above. Howewsgrk couldbe carried out
more quickly and in parall&@n microwell plates. ®ck solutiors could be made fresh and
immediately added to plageontaining the dyes, preventing unwanted oxidation and hydrolysis.
For consistency throughout, all stock solutions (dye and metal chloride stock) were prepared

fresh before each experiment.

28



Relative to the transition and main group divalent metal iond nsthis studyeach dye
was much less responsive tblsck divalent metal cations, such as'Mmd B4. Thus, these
metal ions were included in the array as negative controls. SimiNatyyas included in the
array as a negative control, since ngpanse from either dye was observed with this metal ion in
the preparatory benchtop titrations. In fact, insensitivity tows actually welcome for the
current application since it is a ubiquitous interferent in any matrix of practical relevance. The
lack of response from XO and MTB in the presence of thddeck metal ions is displayed in

Figure2-8.
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Figure2-8 Representative absorbance spectra of XO (lefs 20) and MTBM)( ri ght ;
upon addition of (A) NaCl, (B) Bagland (C) Mg in H2O solution buffered to pH 7.4 with

50mM HEPES. Little to no change can be observed iptasence of these metal ions,

indicating lack of binding.

For qualitative experiments, absorbance was monitored at 334, 342, 436, 44182450,
500, 540, 578, 590, and 6, corresponding to the positions of prominent features in the
absorbance spectodthe dyemetal complexes formed by the XO and MTB dyes, found through
binding titrations described earlieseeFigure2-9). Metal concentrations were kept constant at
30e MXO and MTB concentrations were set to2®M a nedM,3 Or e s Pgeandimeta | vy .

concentrations were selected based dne optinsalalisorbanceignalat these
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concentrationgca. 03 for each dye)andalsoto attainmetal:dyeratios thatwere likely to
displayhigh discriminatory capabilities based on behavior observedn each dye b s
metalbinding profiles Fifteen replicates were laid out for each dgetal sample, which

generated a large data set (2 dyes xrifydes x 15 replicates 360sample} each represented

by 11absorbance measurements (described above) for eadhigiyre2-10 shows a schematic
layout of the qualdtive plate used for discrimination of divalent metal cations and a picture of
thefinal microwell plate containing these solutions, highlighting the differential responses from

the two dyes to the metal ions of interest.
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Figure2-9 Representative absorption spectra of X&t(20uM) and MTB (right, 30 uM)
solutions upon titrationwith NiCl,. Measurements conductedHiaO solution buffered to pH 7.4
with 50mM HEPES. Red lines denote wavelengths that welected to beneasurean the

plate reader for array sensing
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Figure2-10 Layout of a 384well microplate for a typical qualitative multivariate experirmmen
(left), and a piture of the 384well microplate with all solutions addédght), highlighting the
differential response of XO and MTB dyes to metal(ll) cations.

Linear discriminant analysis (LDA) was then used to carry out data analysis and
subsequentimensionality reductiaras described in ChapterThetwo-dimensionakcores plot
and corresponding loadings plot for the complete qualitative data set is giviguia2-11. The
scores plot displaysxcellent separation between different analytes and extrdiglety
intra-cluster spacingn fact, it is difficult to see distinct replicate data points without zooming in
on individual analyte clusters. Thisirgicative ofstrong discriminatory power of the array
coupled with excellent repeatabilityespectively. In short, these dyes were very effective
sensordo build acrossreactive array for discriminating alkelecteddivalent metal ions of
analytical nterest. Moreover, Na(l), Ba(ll), and Mg(d)d not interfere with the discriminatipn
this was not surprising given thidie addition othese shlock metal iondadinduced little or no

change in the dyes6é absorbance signal
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Figure2-11 Left: Two-dimensional plot of the LDA scores for the qualitative discrimination of
divalent metal ions ([metaf 30 uM, [XO] =20 uM, [MTB] =30 puM in H2O solution buffered

to pH 7.4 with 50nM HEPES. This plot was generated using all instrental variables in the

raw data set. Inset: magnified portion of the same plot to highlight the similarities between

Na', Ba?*, Mg?*, and free dyes clusters: these ions display only minimal interaction with the dyes
in our array. Confidence ellipsoidseadrawn to 95% confidence level. RigBbrresponding

loadings plot of the completiata set. Insetableof variablecontributiors to the first three LDA
factors (F1, F2, and F3) ftne completalata set.

Based on the loadings pldtigure2-11, right), there were many instrumental
measurements that contributed very little to the overall performance of the array in separating
metal iongshown as lack dots inFigure2-11, right). These superfluous instrumental variables
introduce noise, require extra acquisition time, gederallylead to a more complicatelds
performantsystem. Therefore, those measurements whose contribution to the separation was
negligible were removeavi t h mi ni mal | oss in the arrayos di
typically referr edgreaty omtimizes theamsingasysteneby dissatdingt i on 0
all measurements whose overall contributions are below a cesakdefinedthreshold. For this
gualitative system, this threshold was séi%itcontribution tobothfactors, or10% toone
factor. This enabled the removal 05 but of 22 total instrumental measurements, retaining only

7 measurements (namely, absorbance data at 442, 540, 578, amd &8Ghe XO dye, and at
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540, 590, and 614m for the MTB dye)LDA analysis was carried out once more on this

reduced data sedsdescribed previously. THEDA scores plot and corresponding loadings plot

obtainedfor the reduced data sateshown inFigure2-12.
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Figure2-12 Left: Two-dimensional plot of the LDA scores for the qualitative differentiation of
divalent metal ions: Purple and pink dashed lines highlight two superclusters corresponding to

the pronation

of the same plot highlights the N&B&*, Mg?*, and free dye clusters (green dashed liR&ht:
The corresponding LDA loadings p)Jandicaing the relative contributions of each instrumental
variableto the calculated LDA factors. Purple squares: contributions frommé@@l complexes;
green circles: contributions from MFBetal complexes. ([metad 30 uM, [XO] =20 uM,

[MTB] =30uM in H20 solution buffered tpH 7.4 with 50 mM HEPES; confidence ellgoids

drawn at 95% level).

Based on the scores plot for the reduced data segvidentthat removal of redundant

instrumental variabledidn o t

hamper

t he arrayos

di fferenti

analytes retain their tight clustering and good separation, despite removing over half of the

original instrumental variables from the data dreover, analysis of the loadings plotrro

Figure2-12 showed that, at first approximation, each dye contributes roughly independently to

each of the first two factors, with MTB signals contributing most figantly to factorl, and

XO signals to factog. In fact,the contributions from both factors are more balanced in the
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reduced data set, (48.2% for F1 and 38.2% for F2), indicating that the two dyes are both
contributing significantly to the differentiatn, an ideal situation for pattebased sensing

procedures.

Samples in the scores plot can be further classified into superclusters accostiagetb
behavior. First is the cluster ofdock metals, whiclunsurprisinglyshows little separation from
thefree dye reference clust€€omparison of supercluster composition with spectral data from
benchtop titrations indicates thaettwo other analyte superclusters are likely to be associated
with the protonation stat e boundBihcethigghemos 6 pheno
oxygen atonis part ofthe chromophar system of each dye, its protonation state has a direct
effect on the absorbance characteristics of the dye, causing significant spectral changes with
changingprotonation stateComparing thespectral changes observed upon the additidvirdf
Cad', Ni", andCd", with those observed during an atidse (pH) titration of these dyes
(Figure2-13) suggesthat the phenolic OH groups are deprotonated in the presence of these
metal ions, whereas solutions containiig, Zn', and PB appear to bind with dyes in their
protonated formThe LDA analysisecognized these effects through thelsaracteristic spectral
changes, resulting in sample clusters arranged by chemical similarity in the scores plot. These
encouraging similarities validate the underlying hypothesis that cluster distance in the LDA

Afactor spaceo c alyreflea similarity inehémicalgeatarest o di r ect
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Figure2-13 Absorbance titration profiles monitored at 5m8 and 604 m for the XO (left;
20 uM) and MTB (right; 30uM) dyes, respectively at viaus pH valuesn H2O. The colors of
eachdatapoinb ppr oxi mates the solutionés color at

As a final step for the qualitative analysig tested whether the array could retain its
performance atnuch lower concentration$o determine the limit of differentiatioth OD) for
our system, the array was exposed to ten previously considered metal(ll) cations at decreasing
concentrations until discrimination was lost ((X©R0e M[MTB] =30e M) . Al |
measurements and multivaeadata analysiwereconductedas previously describe®isplayed
in Figure2-14is the LOD study, which showed that differentiation was retained down to
500nM, butlost at 250hM. Conservativelywe therefore consideredh e ar r ay o6s | i
differentiation to be 50@6M. Considering the excellent qualitative resulte,moved towards

verifying thatthe systentould respond linearly to changes in concentration of metal ions,

opening the way to quatjuantitative analytical determinations.
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Figure2-14 Left: Two-dimensional plot of the LDA scores for the qualitative differentiation of
divalent metal ions at 504M. Right LDA scores plotata total metal concentration 260 nM:
at thislower concentration, the array can no longer accuratelyichgtate between all divalent

metal cations. ([metal 250 or 500nM, [XO] =20uM, [MTB] = 30uM in H2O solution
buffered to pH 7.4 with 5thM HEPES.

2.4 Quantitative response

Critical to the quantitative work was retaining a linear response fromiydametal
complex formation system. However, under the presented conditions, the system responds
linearly only over aelatively smallrange of metal ion concentrations. To pursue a quantitative
response, we redesigned Hreay to include multiple conceations of each dye, added to the
plate in a single experiment. This design helped guarantee that for any concentration of metal
ions, one of the multiple dye concentrations would exhibit the desired linear response, whereas
other metal ion concentratiomso u | d b e c o(ira.esithér sinresponsitzetor saturated}h
no significantdifferentialresponse. Only those metdye ratios thatall in thelinearregion of
the relevanbinding curve would showifferent behaviarall other metallye ratios wold either
be too concentrated and therefore giveaafhiformly high,saturated signal, or too dilute and

insensitive, giving off ainiformly low signal leadingthe LDA analysido automatically discard
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these contributionast h e -oftroaurt g e 0 i@hgbecauseodf thetr lower discriminatory

power, i.e. no useful information content for sample discrimination.

For the quantitative analysis, four divalent metal ions were selectddi@t Pd', and
Cu") for their biological and environmental impanice. On a 38&ell microplate, three
concentrations for each dye were laid out (M, ¢ MQ ¢ MO f or XOM, a®i§ Hd d
60e M for MTB). A series of metal i1ion samples w
metal ion (It M, €2M,5 M7.5¢ M, a @& Nl)UKingLDA andthevariable reduction
methodoutlinedpreviously the array was able to differentiate all concentrations of these metal
ions with clear linearesponseln this case, 54 total instrumentakasurementsere reduced to
only 18, while retaining minimal intraluster distance between replicates and maximizing
separation between clusters of different metal adtheir concentrations. The final
gualiquantitative LDA scores plot and corresponding loadings plot are displajeglire2-15.
The scores plot displays excellent separation between clusters (strongideseny power),
while the intracluster distance between replicates of the same sample is vefgdod
repeatability) Furthermore, individual concentrations of metal ions are arranged linearly with
respect taheir concentration, with increasing contertionspositionedfurther away from the
free dyes clusteAnalysis of the loadings plot reveals that, this time, fattprimarily reports
on the response from XO, while fac®depends mostly on the response from MTB. Thisgjive
intuitive informationabout the origin of the discriminatory power of the array. For example, the
response to changes in concentration dfiRlalmost exclusively described by facigmwhich is
mostly associated with the XO dye. This indicates that this dye is most rddpdosihe
quantitative detection of Bpwhereas, factd? (associated wittMTB) is mostly responsible for

the qualitative discrimination of Plirom all other metals
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Figure2-15 Two-dimensional plot of the LDA scorékeft) and loadings (rightjor the
quali-quantitaive differentiation of Ctj, Hg', Pd', Cu' at five concentrationgi1"] = 1 uM,
2.5uM, 5pM, 7.5uM, and 10uM; [XO] =5, 20, 40uM and [MTB] = 10, 30, 6QuM).

Measurements were conducted isgOHsolution buffered to pH 7.4 with 56M HEPES.

The results presented here clearly show that the system is well capable of qualitétive
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guantitative differentiation of these metal cations in one experiment. If ondaverecess an

unknown in the same way as these training samples, this scores plot could function effectively as

a cal

metal ion present. The remarkably good discritanapower coupled with linearity in

concentration response obtained in a quantitative study provided the necessary foundation to

confront t

2.5 Analysis of mixtures

brati

on

he

pl ot

Wi

t h

Aproblem of

u nakureandcongentraporokthet i o n

mi

Xtureso

In the following work, the array was challenged witbesies of mixtures of metal(ll)

cations, with the intention to use its response as a 2D calibration curve for unknown mixture

analysis. The differentiation of binary and ternary mixtures containingg NHgICk, and PbCGl

was examinedOn a 384well microdate, three solutions containing pure metal ions
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(metal]=30e M) , one equi mol ar =0&erMn &rayx hpi, x tamnrde s [xXmest
containing 2:1 binary mixture combinations of each metal ion ((metafle M a nedM 1i0n
each), were added to theray, in the conditions used for the qualitative work described earlier
((MTB] =30e M, [=X0B]M) .
After LDA analysis, dimensionality reduction, and retention of the nine most important
raw instrumentammeasuremeni®ut of 24 collected), the resulgnLDA scores plot, shown in
Figure2-16, retained 98.7% of the information in the original datawdh tight clusters (high

reproducibility) and good separation (high discriminatory power)
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Figure2-16 Two-dimensional plot of LDA scores for the separation of metal ion mix(Ng's
PW', and HY). The plot was obtained using only the nine most important instrumental
measurementsnd captures 98.7% of the total information content from the oridatalset

([XO] =20 uM, [MTB] = 30uM, total[M"] =30 uM in H20 solution buffered to pH 7.4 with
50 mM HEPES.

Encouragingly, the three pure metal ion and their mixture clusters were distributed along
the edges of a triangle, with the pure metal ion samples at each vertex. For each pair of metal

ions, the positions of the 1:2 and 2:1 mixture clusters were in agreéemth where one would
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expect them to be located, namely hied and twethirds of the way along the corresponding

edge, respectively. Furthermore, replicates from the equimolar ternary mixture clustered very

close to the center of the triangle ideietif by the pure metal ion clustei® highlight the

guality of the positional response, we calcul
sides for instance, the trendline on the top leftagure2-16 was obtained by drawing a best fit

line through the centroids of the clustersid', 2P3':Ni", PH':2Ni", and NI'. In short, thanks

to the fact that all components were chosen or adjusted to beheasylim this sensing array

(i.e. the chemical transduction mechanism, the instrumental response, and the data analysis
algorithm), the systembs response was shown t
composition of sample mixtures, thus making dateation of unknown mixture samples highly
predictable.

To further support the efficacy diis approach, the same array was exposetxtures
composed of three different metal cations. The same series of 2:1 binary and equimolar ternary
mixtures used geviously for NI', Pd', and HJ wasprepared using Co&ICuCk, and Cddj,
and added to a 384ell microplate under the same conditions described previodgr. LDA
analysis, dimensionality reduction, and retention of the eight most imporsaninental
measurementshe twadimensional LDA scores plot, shownkigure2-17 was generated.

Clearly, the plot of LDA scores for thieewseries of mixtureappears nearly identical to the

plot shown for Ni, PH', and Hd (Figure2-16): the three pure metal clusters make up the
vertices of a triangle, with the 2:1 bigamixtures distributed appropriately along its edges, and
the equimolar ternary mixture replicate points clustered near the center of the triangle. Once
again, all replicate data points display tight inthaster distances (indicatiriagh

reproducibility), with large intercluster spacing between different clusterscellent
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discriminatory power)The results obtained using a second set of metal ion mixtures confirmed

that the previous results were not due to the specific analytes, but fo tlaetchace of

conditions leading to a complete linear systematic respamstallowing for the discrimination

of any mixtureof metal cations using these methods.
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Figure2-17 Two-dimensional plot of LDA scores for théférentiation of metal ion mixtures
(Cd', CU', and Cd). The plot was obtained using the eight most important instrumental
measuremen@and captures 99.7% of the total information content from the original data set
([XO] = 20 uM, [MTB] = 30 uM, total [M"] = 30 uM in H2O solution buffered to pH 7.4 with

50mM HEPES.

2.6 Projection of unknown and untrained-for mixtures

Having established conditions in which the system responds lirtearyriations in

relative composition of these mixtures, the ploFigure2-16 wasconsideredurther as a

potential calibration plot for the identification of unknown mixture samples. More specifically, it

was important to determine ther r ay 6 s

abi l

ty

t for whidhehe systdmy

had not been explicitly trained previouslg other words, could the sensing araggurately

predictthe components dfinary mixtures whose metal isarenotin 2:1 relativecomposition?
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To address this question, a colleague was asked to prepare eight metal ion mixture solutions of

unknown compositiorgach with a total [M] = 30 uM, using the same three divalent metal ions

from the training sefi.e. Ni', Pd', Hg"). The eight solutins wereexposedo the arrayunder

the same conditiongsed inthe mixtures training set experimesftown inFigure2-16. The

resultant data set wasnsformedising the LDA eigenvectors (transformation rulibsit had

been obtained fahe training set dataothe unknown test set could be projected onto the

training set scores pl@te. Figure2-16). The results are displayed Fiigure2-18.
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metal ion mixtures (UKB, seeTable2-2) projectedonto themixturestraining set from
Figure2-16. The plot was generated usitige nine most important instrumentaéasurements
from the training set ([XO¥ 20 uM, [MTB] = 30 uM, total [M"] = 30 uM in H2O solution

buffered to pH 7.4 with 56hM HEPES.

The projection of the unknowehallengeset provided an accurate predictioniod t

composition for all eight unknown sample solutiofise contents of each unknown soluteme

listedin Table2-2. Included in the unknown challenge set was an equimolar ternary mixture,

which was successfully found to overlap with the same cluster from the training set.
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Additionally, all binary mixture kusters from the test set aligned well witteir expected

positions along the trendlines provided in the training set scores plot. Most notably, this included

four binary mixtures that had not been present in the training data (three equimolar binary

mixtures andh 5:1 Hg":Ni" mixture), and yet the system was able to project them in appropriate
positions on the calibrationploE.hi s s hows that our system is ab
mi xtureso we fMes eénfomemerd of & srictlipearcbehavior provided a

multivariate scores plot with higbredictive powecapable of extrapolation to identify features

for which the system was not traingkhy deviation from linearityn the response or analysis

layers would be likely to preventcu an accomplishmefr multivariate systems.

Table2-2 Unknown metal ion mixtures that were prepared separately and added randomly to the

array. The set of unknow(n i U Isalu}ions include seven binary mixtures and one equimola
ternary mixture.

Unknown (UK) # Contents
1 25eM Hg, 5¢M Ni
10eM Ni, 10eM Pb, 10eM Hg
15¢M Pb, 15¢M Ni
20eM Hg, 10eM Ni
20eM Ni, 10eM Pb
15eM Pb, 15eM Hg
20eM Pb, 10eM Hg
15eM Ni, 15eM Hg

00 N O 0o A~ W DN

Building on the successith binary mixtureswe attemptedhe identification of four
unequakernary mixtures of these three metal cations. It is important to remind the reader that
none of these challenge ternary mixtures had been present in the tsainiRgrthe following
experiment, three solutions containinge2@ of one metal and &M of the other two metals

were prepared. In addition to these, one solution containieg/1Ei", 10eM PW', and
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5¢M Hg" was also prepared, and all four unequedaey mixtures were added to the array

described for the training set ([X@]20eM, [MTB] = 30&M). After taking the same nine

absorbance measuremetitat had been selected as most informativ@éntraining set

experimentand using thBAteapgenmgcsetésto transform
seb data,Figure2-19 shows the resulting projection of the ternary challenge set onto the

calibration plot previously shown ifigure2-16. As a first positive resujtall ternary mixtures

fall inside the triangle delineated by the lines of best fit on the training set scores plot. The
arrayods ability to di stedaahglulitesnry mixtueewasost abund
particularly impressivendicating the achievement of simultaneous ggakntitative

discrimination Moreover, the position of the 3:2:1 unequal ternary mixture cluster agrees with

the relative position of the equimolar ternary mixture clustatained irthetraining setBased

on these resudtwe validate our hypothesis that, thanks to the overall linearity of its response,

this system can correctly identify mixtures o
pure components alone. In faegry successful projectiasof unknown binary and ternary

mixtureswere obtainedleading to the identificatioaf the compositiomndrelative abundance

of mixtures ofthree divalent metal cations.
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unequal ternary metal ion mixtures onto thxturestraining set fronfigure2-16

([XO0]=20e M, [ M3IOB M, tatal[M"]=30e Mn H:O solutionbuffered to pH 7.4
with 50mM HEPES.

2.7 Identification of quaternary mixtures and response to changing tota[M'']
The same array ([XCf 20 uM and [MTB] = 30 uM) was pushedurther by exposing it

to a series of mixtures composedadir metal chloridestptal [M"] = 36 uM, CuCh, PbC,
HgClz, and CddJ). For this study, thealibrationpanel included an equimolar quaternary
mixture, all twelve possible 2:1 binary mixtur@sd the four pure metal samples. After LDA
was conducted on the resultant data set, three factor scores were retained for each sample,
generating the thredgimensionabplot presented ifrigure2-20, in whichthe equimolar
guaternary mixturgvas foundowards the center of a tetrahedron, whose vertices correspond to
the pure metal sangs. Moreover, the most abundant metal in each 2:1 binary mixture was
positioned nearest to the respective pure metal vertex, within the confines of the tetrahedron (i.e.

between the pure metal and quatermamture clusters) These results further higght that
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carefully contr ol |tobe lineatrdangates tp Bighlg prailistable bebgviorn s e

via patterabased approacheshich can be used for the analytical identificatiomuftures.

36 uM Cu
36 UM Pb
36 uM Hg
36 1M Cd

Factor 3 (8.5%)

guaternary mixture
24 pM Cu
24 nM Pb
24 nM Hg
24 nM Cd
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Figure2-20 Threedimersional plot of LDA scores for the differentiation of divalent metal ion
mixtures. The plot was obtained using the eleven most important instrummeatsliremenisnd
captures 98.5% of the information from the original data set. For clarity, 2:1 binayresére
not explicitly labeled andnly replicate cluster centroids are shown @lereplicate sample
points have been averaged into a single pgiXO] =20 M[MTB] =30 M

total[M"] = 36& Mn H.O solution buffered to pH 7.4 with 56M HEPES.

Finally, the ar r aiptotal metaisnranocest@tions avasexamined.t i o n
Up to this point, all metal ion mixtures have contained a tottilconcentration of 3@M.
Using the same arraweexploredt h e ar r a yaS atinatian efgotalnmetal ion
concentration. We acquired a second traimataset at a lower concentration of metal ions,
namely 15 M. As long aghe underlying component responses scale linearly with total metal
ion concentration, one should be able ttedmine thenature relative concentration, and

absolute concentratioaf all metal ions under studyithin amixture, in a single experiment.
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The procedure used to generate theBltraining set was repeated for metal ion
mixtures where the total metabn concentration was cut in half, to d81. This15¢M data set
was firstevaluatedseparatelyo ensure that linearityasstill achievedat this working
concentrationTo that end, LDA analysis and subsequent variable reduegoacarried out on
the 15eM data setwith the correspondingwo-dimensional scores plshownin Figure2-21.
Excellent results were obtaineahalogoudo theL DA scoresplot obtained for the 30M system
(Figure2-16). Thesereassuringesultsc o n f i r me d t résponse wvds etill lmeat thisy 6 s
concentration andllowed for the combination of the two data sets for the determinatitabf

metal ion concentration in mixtures.
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Figure2-21 Two-dimensional LDA scores plot for trseparation of metal ion mixturas
15¢ MThe plot was obtained using ttem most important instrumentateasurementsnd
captures 99% of the total information contentdm the original data set{D] =20e M
[MTB] =30¢M, total [M"] = 15 uM in H20 solution buffered to pH 7.4 with 56M HEPES.

Upon combination of the 30M and 15¢M data sets, subsequent LDA analysis and

variable reduction on this larger data set generated a 3D scores plot, stioguré?-22,
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displaying very clear separation of the two concentration data sets. Each separate data set
retained their signature triangular shapith the vertices of each triangle identified by theepur
metal samples at l&nd 30eM, and individual mixture clusters still positioned at appropriate
intermediate positions along each edge of their representative triangle. Furthermore, the two
triangular ensembles of points, corresponding to the two totall e concentration values,

stacked up well in 3D factor spadeghlighting the relationship between the two data.sets
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Figure2-22 Threedimensional scores plot from the LDA analysis for the combinesM.5
(blue) and 3@&M (red) data sets. Dotted lines connecting corresponding pure metal sample
clusters extend to the nuoetal clusterat[M=0eM (| abel l ed fidyeso in the

Connecting the corr es po ndbtaimedriarfglpstoreach met al 0

metal ion concentratiodatasea | so al |l owed us to extrapolate t

sample dilution (i.e. [M] ~ 0 £M). Indeed, we found that this extrapolated behavior matched
with theexperimentahrray samples that contained no metal ions (i.&] VD €M, black dots in

Figure2-22), further confirming that the entire sen
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concentration of these metal ion analydes allows for successful quantitative predictidhis

final analysis demonstrates ther r a y 6 s deteimnelthe itlentitytad concentrationf a
sample containing any mixture Nf', Pd', and HJ over a range of concentrations between
0-30eM. In fact, it should be possible to extend the effective concentration range as far as all

components of tha r r analfitisal systemespond linearly.
2.8 Conclusions

In summary, a simple, crossactive sensing array was developed, consisting of two
commercially available dyes that were selectefim strong coordination complexes with a
variety of divalent metal cations in neuthalffered water. Using rapid UVisible absorption
measurements and multivariate data analysis, the array sensor was able to separate nine transition
and main group metal ionslil', Cd', Mn"", Cd', CU', zn'", Pd', Hg', and F&), as well as binary
and ternary mixtures afvo sets othree of those metal ionbli', PB', Hg' andCd', CU', Cd").
Using these results as a training set (i.e. calibration plotyratédentificationof unknown
mixture samplesvasaccomplishedeading to theorrect classificationf the natureand
concentration of the metal ions of interéss.intendedhe array displayed consistent linear
responsavith respect to changes in concentration of metal ions. The combination of these results
exparded the reach of the system to variationwtal metal ionconcentration; in this case
spanning 80 &M, with excellentdiscriminatory power for pure and mixture samples across the
whole concentration range.

These achievements were made possible byttimgant design choices of the array
components in the arrayodos analytical stack,
specifically, these components included the

its response at the moleculavel (i.e. the formation of strong coordinative complexes), the
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signal detection method (UVis spectroscopy}he operational conditionand the multivariate
data processing technique (lineliscriminant analys)s Careful consideratiowasgiven to the
chemical receptors selected and their working concentrations, to ensure a linear response
throughout. For this case, dye selection was criticabtainstrong binding with metal ions,
resulting in a linear response over a wide rangaethlion concentratios UV-visible
absorbance spectroscopy was chosen as the detection method due to its simplicity, linear
response to concentratiarnen conditions are chosen appropriatalyd the ability to adapt its
sensitivity over a wide range of comtetions using simple changes in optical path length.
Finally, the generated data sets were analyzed using common multivariate systems with

intrinsically linear behavior (e.g. LDA).

Presented in this chaptare general guidelines gorobust approach falirect
guantitative multivariate sensing for any series of similar analytes, either in their pure form or in
a mixture,and a prooof-principle implementation of such guidelines, applied to a system of
practical analytical importance (i.e. metal ion disgnation in HO media). We hope to see
these design guidelineppliedto other multivariate patterbased sensors for the detection of
other analytically relevant targets, sidestepping the need for chemical separatictreatpnent
prior to detectionOnce response linearity is achieved, the multivariate sensor can bi® used
buildef f ecti ve and simple multidi mensional Acali
makeup of unknown analyte mixtures. Separation and detection mévh@aslyte mixtves,

normally envisioned as independent processas beintegrated in a single system.
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2.9 Experimental details
2.9.1Materials

Xylenol orange (XO) and methylthymol blue (MTB) were purchased from Sigma
Aldrich and used as received|[4*(2-hydroxyethyl)pperazin1-yllethanesulfonic acid (HEPES)
was purchased from ICI Scientific. All metal chloride salts were bought from Fluka. For
consistency, all stock solutions for dyes and metal chloride salts were prepared fresh before each
experiment. All experimentsere carried out in a 5@M HEPES aqueous solution buffered to
pH 7.4, prepared by adding an appropriate amount of HEPES free acid to deionized (DI) water;
the pH was then adjusted to 7.4 by addingM. RaOH as needed and monitoring with a
combined glasslectrode, then bringing up to volume. Stock solutions of xylenol orange (XO)
and methylthymol blue (MTB) were prepared in this buffer, taking into consideration the
manufacturer specified dye content (90% and 70% for XO and MTB, respectively). All metal
chloride salt stock solutions (except P)@Vere prepared by adding an appropriate amount of
salt to 10mL of buffer. Lead(ll) chloride solutions were prepared by dissolving a minimal
amount of salt in DI water and diluting an appropriate aliquot ofsthligtion in buffer. To avoid
unwanted absorption of water over time, any hygroscopic salts {Zn@Ch, MgClz, BaCb)
were dried to constant weight in an oven set to°1@nd stored in a desiccator before use.
2.9.2Instrumentation

Benchtop UWVis measurements were performed on a Hevidattkard 8452A diode
array U\LVis spectrophotometer. The experimental sample temperature was thermostatted to
25°C by an external circulating water bath. Multivariate data was acquired on a EBgiaigy
Il multimode microwell plate reader, equipped with a monochromator to measure absorbance

spectra. The sample compartment in this instrument was electrically thermostatted. Experiments
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were laid out by hand using Eppendorf Research multichannelgipatid disposable plastic

tips into Greiner BioOne netreated polystyrene microwell plates with clear flat bottoms in a

384-well configuration. Each well was filled with 1@0L of sol uti on. Pl ates
multimode plate reader immediately afteeparation. Reading time was aboutIEminutes for

each plate. In this time span, no evaporation was observed so the plates did not need to be sealed.
2.9.3Microwell plate setup: qualitative differentiation experiments

For qualitative experiments, ondarowell plate was used. For a typical qualitative
experiment, aliquots of each dye stock solution (XO and MTB) were laid out in the wells and 12
freshly prepared metal chloride stock solutions (NaCl, MgCbCb, CuCb, NiCl,, FeCh,
HgCl>, CdCbh, ZnChk, MnClz, BaCh, PbC}h) were added to give 15 replicates of melpd
samples (seEigure2-10for a visual representation of this layout). The total volume in each well
was1l0 L. Additionally, 8 replicates of buffer (
(as a reference) were added to the plate. Dye concentrations in the wells were kept constant at
20e M anedM 3f0)or XO and MTB, r eidecencentiatoeihthewellfhe me !
was kept constantat 200M. Absor bance values were collectec
334, 342, 436, 442, 450, 482, 500, 540, 578, 590n614
2.9.4Microwell plate setup: quantitative experiments

For quantitative expé@nents, one plate was prepared for each dye by adding three
separate concentrations of each dye to their respective platel(5¢ M0 ¢ MO0 f or X O, an.
10e M, ¢MM) ¢®0 f or MTB) . Four met al chl orjdg de st ock
HgCl, CuCh, and CdC) and appropriate amounts of each stock were laid out to give six
replicates of six different metal chloride concentrations (@, ¢ M, ¢2M,5 M, &€"™,5

and10e M) . Additionally, reference weéthelwsrkingont ai n
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concentrations were added to the appropriate plate as reference standards; each plate also
contained six buffer replicates for blanking. For quantitative experiments, absorbance values

were collected at the following wavelengths: 334, 388,442, 450, 540, 578, 590, 6dvh.
2.9.5Metal ion mixtures: training set experiments

For experiments on metal ion mixtures, the training set was obtained by preparing two
identical plates to increase the number of sample replicates to the desired @Raoapticates
for each sample in the complete data set). Dyes were laid out on the plate so that their
concentrations were 20M a nedM 3f0)or XO and MTB, respectively
solutions were prepared fresh from NiGHgCk and PbGl. Aliquotsof these solutions were
added to the plate to generate: three solutions of each pure mépE@des M) ; si x sol ut i
encompassing all possible 2:1 binary mixtures (e.g. 2WNiCl, and 10e MHgCly); and one
equimolar ternary mixture including eachtadechloride at a concentration of £0M . I n
addition, 16 reference samples for each dye and 32 buffer blanks were added to each plate. For
experiments with metal ion mixtures, absorbance measurements were collected at the following
wavelengths: 334, 34236, 442, 450, 500, 520, 540, 560, 578, 590, anch6@For a total of 12
instrumentaimeasurements per dyehe samexperimentaprocedurs and conditions were
applied to the second set of three metal &ms their mixtures (Co Cu', and Cd, total
[M'] = 30uM), using16 replicats (instead of 32jor each sampleAbsorbance measurements
were collectedt the following wavelengthfer each dye334, 342, 436, 442, 450, 500, 520,

540, 560, 578, 590, and £@Gm.
2.9.6 Metal ion mixtures: projected test set experiments

For the test set containing eight unknown mixtures, 16 replicates for each sample were

laid out on one plate. Dye concentrations were the same as those used on the training plate
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([XO] =20 uM, [MTB] = 30uM). Metal chloridemixture solutions were prepared by adding

appropriate aliquots of pure metal stock solutions to mil@olumetric flask containing buffer

and bringing up to volume. The ed8@habysol uti on
undergraduate collaborat@ara Pridmorand the newly labelled solutions were added to the

plate. The norequimolar ternary mixture samples were prepared similarly, from a solution made

by adding appropriate aliquots of pure metal chloride stock solutions tond ¥@lumetric flag

and bringing up to volume with buffer. For the test set, eight replicates of each dye were added

as reference standards and 16 replicates of buffer were added as blanks. Absorbance values were
collected at the same wavelengths used for the trainin@3&t 342, 436, 442, 450, 500, 520,

540, 560, 578, 590, and 66f).

2.9.7Multivariate d ata analysis

In order to evaluate the discriminatory power of$basing arraylinear discriminant
analysis (LDA) and principal component analysis (PCA) were used to interprditdireddata
sets. LDA and PCArea statistical treatmembommonlyused for the interpretation of
multidimensional dataes. All multivariate analysewere performed in thlathematica

software(release 11.3) published by Wolfram Research uising code developed-iouse

As a first step towards data analysis, principal component analysis (PCA) was applied to
each set of metal chloride/dye replicatenps. Points well outside a 95ftultivariateconfidence
interval (ClI) representetielowby a dottedyreyellipsoid, were considered outliers and removed
from the raw data set. As an exampleeFigure2-23for the Nd analyte: in this caseeplicate
14in the Nd data seties well outside the 95% Qtiottedgreyellipsoid)and was removed from

the data set before further analysis.
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Figure2-23 PCA scors plot of theNaClreplicate set, with 95% confidenckigsoid shown as a
dotted greyline. Point 14 is clearly outside the confidence interval, and it was removed from the

data set before further analysis.

After all outlier data points were removed, L2&alysisvas run for the first time.
Dimensionality reductiomvasachieved by retaining the first two or thr@est informatiorarich
factorsand plotting the corresponding factor scores for each saBged on thealctor
loadingsfrom these results, any instrumental measurements that were found to contribute little to
the overall differentiation were removeddisplayed inFigure2-11 andFigure2-12 arethe

two-dimensionalLDA scores plot$or thecomplete and reduced data sets, resgegt
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CHAPTER 3

CONJUGATED POLYMERS AS TRACE METAL CATION SENSORS IN
SEAWATER

3.1 Introduction

As washighlightedin the previous chapter,etal cation detection isf great importance
due to their negative impacts on human and enviestiai healthparticularly in aqueous
solution1%®114Recently there have been many advances for picomolar metal cation sensing
using an assortment ahalytical methodst>'2° In particular, fluorescent chemosensory systems
have gained increasing interest thankgh&r high sensitivity and relative ease of operatith.
Despite being highly sensitive at saAnomolarconcentrationghese systems atgpically
selective for one or two metal catiods we have shown in the previous chapteelectivitycan
alternativelybe achievedor a wider scope of analytdsy usingpattern recognitiotechniques
in analogy to the principle of operationmfiny biological sensory systef?€829122|n this
chapter, an ultrgensitive sensing array is reportathde up of three palffuorene) conjugated
polyelectrolyte receptors, capable of detechinge divalent heavy metal cations down to 564
in pure water, wel/l bel ow the AMaxi mum Contam
States Environmental Protection Agency (EPA)téxic metal ions in ground water and
drinking watert?? In addition, the array was also successful in natural seasatgles
collected from the Deeyater Horizon(DWH) region in the Gulf of Mexico. In this complex
sensing medium, nine divalent heavy metal ions were detected dowt]te fM0NnM, which is
comparableor lower than the toxic metal ion concentrations (low gat)oy the EPA foaquatic
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life,*2*and many orders of magnitude below the trace elemental distributions found in the DWH
samplesin particulart?® Impressively, this sensing array, made of strongly bindorgugated
polyelectrolytereceptorsperformed very well in this higbalinity medium an otherwise
challenging analytical matrix.

An early examplef poly(fluorene)copolymerausedfor sensing purposegas provided
by Wang and cavorkersin 2005, whichused a cationic poly(fluorena)t-(1,4-phenylene)
polymer to detect conformational changes in siksgianded DNA2° In recent yearghe
improved selectivity fronarray sensingechniquesas been paired with the high sensitivity
from extensively conjugatefiuorophoes?*133For metal cation detectip Bunz et alreported
a series of very promisirgystens made up opoly(phenylenesthynylene)polyelectrolyteswith
carboxylategroups attached to the phenylene repeat tifité® Later, Tan et & usedfour
poly(phenylenesthynylenepolymers with a variety of metal bindirggoups tadifferentiae
eight transition metal cationsvith a limit of detection of 100M.1%" However, rarely have
conjugated polyelectrolytesith differentelectronicpropertiedbeen used in a single array.
Thereforea highly effectivepoly(fluorene)co-polymerbasedmetal cation aay sensor is
introduced in this chapterelying mostlyon electronic variations ieachp ol y mer sd backbo
All polymeaswere designed witktrong metal binding grouger fluoreneepeat unit, such that
less importance would be placed\ariations inthe metal binding affinity of these pendant
groups.

Poly(fluorene)o-polymers were synthesizamd characterizely our collaborator irthe
Azoulay research group in the School of Polymer Science and Engineering at the University of
Southern Mississipsee Scheme3-1). Each fluorene monomaevas linkedto alternating

conjugate spacer groupsither a-phenylene or ethynylene unit. Bach ottheseconjugated
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polymerscaffolds,two high affinitymetal bindinggroups (iminodiacetate ligandsgre

covalently attached to trs®® carbonof the fluorene monomegenerating two novelonjugated
polyelectrolytesto probe the differing electronic propertafshe polymersFor added

variability, a variation in the attached metal binding groupsalssexaminedadding
iminodipropionate ligands to the poly(fluorerad}-(p-phenylenexo-polymer, instead of the
iminodiacetate one3aken together, thegrirposebuilt supramoleculareceptors proved to be

highly effective metal ion sensors in aqueous environments, including highly unprecedented and

more analytically complex seawater samples collected from the Gulf of Mexico
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Scheme3-1 Chemical structures and general synthetic scheme for the three conjugated polymers
(Ph-AA, yne-AA, andPh-PA) used in a metal ion sensing array.
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3.2 Polymer synthesis andsensordesign

Each polymer contained a common fluorémerophore coupled to a conjugadespacer
groupcapable of alterinthe electronic features of tlsenjugated polymeiT hus,eachfluorene
was covalently linkedo either a 1,4phenylendp-phenylene)r ethynyle® groupto provide a
monomer that, once polymerizedadeup the conjugated backbone of the polymEech
fluorene monomer was modified wittvo iminodiacetatenetalbindingappendageattachedo
thesp’® carbon of the fluoreneepeat unitsThese groupwere inspired by
ethylenediamigtetraacetic acid (EDTA), commonly used as a strong metal chelating &geant
variety of metal iongseeSchemes-2) 138139

@)

O %OH

N H
HO)K/ \/\N/ﬁ(o
HO\[H O
O
Schemes3-2 Chemical structure of ethylenediaminetetraacetic @€RITA) in its neutraform.

To incorporataliversity inmetalbinding groupas wel| the
poly(fluorenejalt-p-phenylene polymer was equipped with twanodipropionate functional
groups, aconjugated polyelectrolytereviously reported for pH and sugamnsing:*® As shown
in Scheme3-1, the followingconjugatecpolyelectrolytes wersynthesized
poly[2,7-(9,9-di((aminodiacetate)propyfjuorene}alt-1,4-phenylene] (witlphenylene
conjugatedspacer and acetate metal binding graeferred to aBPh-AA),
poly[2,7-(9,9-di((aminodiacetadpropyl)-fluoreng-alt-1,4 -ethynylenelwith ethynylene

conjugated spacer and acetate metal binding ymé&sAA), and
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poly[2,7-(9,9-di((aminodipropionatgropyl)-fluorene-alt-1,4 -phenyleng (with phenylene
conjugated spacer and propionate metal binding UPiitRA).

With these materials in handyr attention turned to identifying optimal conditions for
their use as sensors in watks mentioned previousjynanyconjugated polyelectrolytese
well-known toform aggregatesm aqueousolution,leading tosolventdependenthanges in
emissionproperties*142 Thus,many strategiet® break up these assembliesolutionhave
beenattemptedincluding the use of cesolvent systems or surfactant aidis >4 For
instance 1,4-dioxane in ratios of 3@0%by volumewasshown to be very effective in breaking
up poly(fluorene)aggregate$!® Thereforeto avoid seHaggregation, polymer stock solutions
were prepared as saturated solutionsrbOwater:1,4dioxane solution, buffered to pH 7.4 in
25 mM 2-[4-(2-hydroxyethyl)piperazifil-yl]ethanesulfoniacid (HEPES) followed by
centrifugation and filtrationEachsaturategolymer stock solution wakendiluted
appropriatelyto give a consintfluorescence emission signal. The similar emissionld also
allow each polymer to have an equal opportunity for differential responsefistcegnitude
of the fluorescence responses from each of the polymers in the array would be comparable to
stat with. Under these conditionstrations were carried out to study the binding of metal ions to
each polymerRepresentative spectra for each polywoiesained upon titratiowith Cu' are

shown inFigure3-1.
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Figure3-1 Representative steadyate fluorescence titration spectra forfFa}AA

(®exc.= 380nm) upon the addition of Cug(0-8.1 uM), (b) yne-AA (8exc.= 400 nm) upon the
addition of Cud (0-3.7uM), and (c)Ph-PA (8exc.= 380nm) upon the addition of Cugl
(0-3.2uM). All measurements were conducted in 50:50 wagidioxane buffered to pH 7.4
with 25mM HEPES.

3.3 Metal cation binding and experimental considerations

In addition to Ct}, benchtop fluorescence titrations were conducted for each polymer
with various other divalent metal catigradl as chloride salts for consistency and to avoid
unwanted counterion effegtas mentioned in thprevious chapteAll metal binding titration
spectra are presentedFigure3-2, Figure3-3, andFigure3-4. The binding isotherms for each
polymer withseverheavymetal ionsare alsqresented ifrigure 3-5, displaying clear
differential emission responses at micromolar concentrattbmeetal iors. Furthermore,
comparing the binding isotherms obtained vditierentmetak interacting with thesame
polymer highlighted he strength of t hyapgonbmding&driassancg,ue nc hi n
Ni" seemingly quenches the polymer withfhp h e n y | e sgacemdrdetiedtiyelythan
theone withthee t hy ny | e spacer Cul quaneh@d all three polymers with similar
efficacy, and Mrl' quenchd the emission of thgne-AA polymerbetter tharboth polymes with
thep-phenylendg fi P $packrThecombinedemission profiles focu', Mn!", andNi" titrated

into each polymeis displayed irFigure3-6.
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Figure3-2 Fluorescence spectfar thePh-AA polymer exc. = 380nm), upa the addition of
(@) CuCkh, (b) CoCly, (c) NiCk, (d) MnCh, (e) CdC4, (f) HgCk, and (g) ZnGl. All
measurements were conducted in 50:50 watedibMane buffered to pH 7with 25 mM

HEPES.
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Figure3-3 Fluorescence spectfar theyne-AA polymer(aexc. = 400nm), upon the addition of
(@) CuCh, (b) CoCb, (c) NiCb, (d) MnCb, (e) CdC}, (f) HgCh, and (g) ZnGl. All
measurementsereconducted in 50:50 water:t@loxane buffered to pH 7with 25mM

HEPES.
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Figure3-4 Fluorescence spectfar thePh-PAp o | y mae ¥ 38qn@ &), upon the addition of
(a) CuCk, (b) CoCk, (c) NiCk, (d) MnCk, (e) CdC4, (f) HgCk, and (g) ZnGl. All
measurementsereconducted in 50:50 water:t@loxane buffered to pH 7with 25 mM
HEPES.
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Figure3-5 Fluorescence binding profiles fax) (Ph-AA (8exc.= 380nm, &em. = 418nm),

(b) Ph-PA (8exc.= 380nm, @em.= 412nm), and(c) yne-AA (8exc. = 400nm, aem. = 444nm), upon
theadditionof CuCl,, CcCly, NiClz, HgClz, CdCl2, MnCl,, and ZnCJ. All measuremets were
conducted in a 50:5@ater:1,4dioxane solution buffered to pH 7.4 with 28M HEPES.
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Figure3-6 Normalized fluorescence titration profiles of the three conjugated polymers, upon the
addition of aliquots ofa) CuCp, (b) MnCh, and (c)NICl> (8exc.= 380nm forPh-AA andPh-PA
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andaexc. = 400nm foryne-AA). Fluorescence profiles are shown at the elavgth of maximum
emission for each polymer.

Other forms of quenching, includingmmic (i.e. collisional) quenching and
aggregatiorinduced quenching are possilslentributorsto the observed amplified quenching
Theamplifiedquenching responggpical of conjugated polymersan be elucidated via
SternVolmer (SV) plots, in whichthechanges inheslopeof o/l as a function of quencher

concentration ([Q]) iplotted(i.e. changes StefWolmer constant (Kv) (see eql).

O i

—OpU O (eq. 1)

In fact,anontlinear SV plot (i.e. changes in the ) is indicative of multiple quenching
processes occurring throughout the titratiddditionally, the typical amplified quenching
responsés associated witan increasén Ksy.”*"®As an illustrativeexample Figure3-7
displaysfour stacked-V plots for each polymer with ¢tuMn'", Cd', and NI'. Some metal ions
display high norlinearity throughout the titratiomndicating that more complex quenching
mechanisms may be presemthereasveaker quenchers showstbre linear responses
indicating the dynamic collisional mechanism as the main driver of the observed quenching
Initially, some metal ions display a steep increase in stofiee SterAvVolmer diagam, which
eventually decreases starkly at regfM"]. This suggests thale first few equivalents of M
binding to specific sites on the polymer lead to strong quenching amplification (high and
increasing slope in a Stekolmer diagram). Further quehing past the saturation of available
metal bindings mostly collisional (corresponding to the linear portion in the Stimer plot,
with lower, constant slope). Similarly, metal ions with weaker affinity for these polymers also

display primarily dynanic collisional quenching, with linear Stexolmer plots with lower and
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constant slope (&). It should also be noted that’netals, namely Zhand Cd ions, generated
a systematic redhift in the emission spectrum of thige-AA polymer, suggestinthatmetal ion
induced aggregation quenchiisga significant quenching pathwag well asreported
previously for other closedhell metal ionsnteracting with conjugated polyelectrolytesee
Figure3-3).7° This effect is also eviderfior Ni'" into yne-AA, albeitto a lesser extenand also

Zn" into thePh-AA polymer (sedrigure3-2).
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Figure3-7 SternVolmer (SV) plots for (a)Ph-AA ( &.=380n m ,em.=3418nm), (b) Ph-PA
( &.=380n m,em=3412nm), and (cyne-AA ( &.=400n m ,em =3444nm), upon the
addition of aliquots of Cly Cd', Ni"', and M. All measurements were conducted in a
50:50water1,4-dioxane solution buffered to pH 7.4 with @8V HEPES.

Taken together, these differential quenching responses would allow one to distinguish
each of these metal ions at relatively hfglg. micromolarfoncentrationsirect
discrimination at lower, analytically more relevant cenmtrations (e.g. suimanomola) may still

be possibleghanks tahe high sensitivity o€onjugated polymerdutit would become
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increasingly difficult to achieve high selectivity for multiple metal ions at smaller concentrations.
However, this wealth of information from the highlynséive signal responses from these

conjugated polyelectrolytasan be harnessed using pattern recognition techniques.
3.4 Chemical fingerprinting of metal cationsat picomolar concentrations

These three fluorerAeasedconjugated polyelectrolytegereused to builcan array ér
metal ion detection aubnanomolarconcentrations against a panel of nine divateetal iors
(Cd', cd', Ni", Mn", Fé', zn'", Cd', Hg', and PB) at a [M'] = 500pM, a concentration that is
well below the detection lirts required by the EPA for toxic metal ioinsenvironmental water
samples?® Samplesvere laid out or884-well microplates. Each metapolymer combination
was addd in replicates of 16 ttestrepeatabilityalong withpolymer reference standards and
solventblanks(seeFigure3-8a). As mentioned previous)yolymer stoclsolutions were
prepared as saturated solutions that were centrifuged and filtered inEQe50L,4dioxane
solution buffered to pH 7.4 in 26M HEPES Appropriate aliquots ahe saturated polymer
solutions werdaliluted to obtain working solutions witlingilar fluorescence emission intensities
Divalent metal chloridstocksolutions were freshly prepared in DI walierm the solid salts
Once againmetal chloride salteere usedhroughout to prevent anion biasing effects &nd
chl or i de 6 slulility and relatiaetirentness at neutral pPHAn agpropriate aliquot
(between @5 L) of each metal chloride solution wdeenadded to volumeie flasks
containingthe polymers and filled to volume with 50:50 buffered waterdigkane to give
[metal] = 500pM. Care was taken tensurethat each aliquot of metadn solution in DI water
added would be exactly 1% of the total volume, thereby ptengesignificant deviation from
the 50:50wnater:dioxane c@olvent system analso possibla@ifferential quenchingrom unequal

solvent composition, instead of the metal idmsmselves
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For rapid data acquisitionlubrescence measurements were colleotedn automated
plate reader using a series of bgn@d s s fex/ leaf): 830/450NMa330/460hm, 330/485m,
330/516nm, 380/450hm, 380/46(0hm, 380/485m, 380/5161m, corresponding to the
maximum excitation and emissiovavelength®of thepolymers In total, eidnt fluorescence
measurements were taken for each polymer, giving a total of 24 instrumental variables.
Absorbance measurements were not taken, since the polymer concenimatiengorking
solution were low enough that their absorbancewealkbelowthe detection limit of the
instrumentThe raw instrumental data frothe plate reader using tB80/450nm filter
combination is given ifrigure3-8b for thereplicates ofll nine metal ions with théree
polymers indicating strong differential response patterns from the polymers.

The resultant data set wsisbjectedo linear discriminant analys{€ DA) and principal
component analysis (PCA). The tdanensional LDA and PCA scores plots of the raw data set
displayed very good, albeit incomplete separation of all nine divalent metal cations. However,
analysis of the corresponding loadings plot shibtiat many instrumental measurements were
redundant, contributing nothirigut noiseto the overall performance of the array. The
two-dimensionaplotsof LDA and PCA score®or the raw 50(pM data set are presented in

Figure3-9. The corresponding LDA loadings plot is presenteBigure 3-10.
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Figure3-8 (a) A general schematic of a multiell microplate used for a typical multivariate
experiment. Redircles wells containing?h-AA :metal samples; blugrcles wells containing
yne-AA:metal sampleggreen circleswells containng Ph-PA:metal samplegb) Raw
experimental fluorescence data for BteAA, yne-AA, andPh-PA polymers in the presence of
metal cationg[M"] = 500pM), using the following bangass filter combination:

exc.= 380+ 10n m ,em. =450+ 25nm. The repded values are the averages oflBreplicate
samples after removal of outlier data points.
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Figure3-9 (a) Twodimensional plot of the PCA scores for the attempted differentiation of nine
divalent metal ions usingll instrumentameasurements the raw data set ([metat]500pM).
(b) Two-dimensional plot of LDA scores for the differentiation of nine timémetal ions using
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the same data set. The experiment was conducted in watd@1,4dioxane buffered to pH 7.4
with 25mM HEPES. All confidence ellipsoids are drawn to 95% confidence level.
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Figure3-10 Two-dimensional ploof LDA loadings from the scores plot Figure3-9b,
displaying the high amount of superfluous instrumem@asurementhat could be removed
(black drcles). Red circles: contributions from fluorescence measuremeiib-éfA ; blue
circles:yne-AA; green circlesPh-PA.

Toimprovethear r ay 6 s di s c,wdriable reductionrwas carredvaut,
removing all instrumental variables whose overall Wweg contribution to all LDA factors was
less than 1%r his is graphically representedkigure3-11. Thisprocedure removed 14
superfluous variablehat were contributing only noise to the data set, thereby worsening the
differentiation; this lefonly the ten most importameasurementsamelythe fluorescence
emission aB30/450, 380/450, 380/460, 380/485, and 380fahdor Ph-AA; and fluorescence
emission aB30/450, 380/450, 380/460, 380/485, and 380fahdor theyne-AA polymer.The
resultantdata setvas subjected tmultivariate aalysis (LDA and PCA) and dimensionality

reductionby retaining only the first two factors from the LDA analy3ikeresulting
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two-dimensional plotef LDA scores and loadings asbown inFigure3-12. Indeed, the

removal ofl14 noncontributingmeasurements greatly improved the LDA scores plbimetal

ions werenow clearly differentiatedFurthermore, the twdimensional PCA scores plot, shown
in Figure3-13, also organized metal ion data poimt much mordistinctandwell-separated
clusters As mentioned previoushRCA is anunsupered pattern recognition technique that
relies only on thevariances contained in the data set for analyte classificatimrefore, it is

often run to ensure that the results from the LDA analysis are representative of underlying
chemical differences withithe dataln fact, a strong improvement in the PCA results is a more
direct indicationof betteroverall quality of the reducetieasuremerdata seteven if the final
results of the PCA analysis agenerallynot aseffective for analytical discriminatioasthe

LDA results
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Figure3-11 A graphicalrepresentation of therocess by whiclwve removedl4 instrumental
measurements from the raw 500 data set. The black line at 1% designai#schosen

threshold Contributions frommeasurements whose importance was higher than the 1%

threshold are shown as green bars and were retained for further analysis. Contributions from
measurements that were less than 1%, shown as light grey bars, were removed from the data set.
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Figure3-12 (a) Two-dimensional plot of the LDA scores for the successful differentiation of
nine divalent metal cations at 5pM using only thePh-AA andyne-AA polymers. The plot

was generated usiranly theten most important instrumeitmeasurementsnd captures 95.0%
of the total information in the raw data sel. confidence ellipsoids are drawn to 95%
confidence level(b) Corresponding LDA loadings plot for the differentiation of divalent metal
ions at 50(pM, indicating the relative contributions of each instrumental measurement to the
first two LDA factors. Red circles: contributions from fluorescence measuremePisAA ;

blue circlesiyne-AA. Inset: table oparts per trillion (ppt) values for each target metal cation at
500pM.
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Figure3-13 Two-dimensional plot of PCA scores for the differentiation of nine divalent metal
cations at 50pM, using the ten most important instrumemeasurementll confidence
ellipsoids are drawn to 95% confidence level.

The factor loadings indicate that tRe-PA polymer, carrying the iminodiprpionate
metal binding arms, contributed far less to tHéedentiation than the other twin fact, variable
reductionled to the removal ddll fluorescence measurements fretmPA; only measurements
from polymersPh-AA andyne-AA (containing theeDTA-like iminodiacetate ligands) were
retained. Moreovepolymes whose backbone contains eithergigh eny |l ene ( APhOo) o
et hynyl ( Aopmiribude)in neapyaequal preportions towards differentiation, an ideal
situation in pattern recognition and an encouraging confirmation of the origipathesis that
differences in the conjugated backbone waqrialvide a stronger contribution to differentiation

at picomolar concentratigrthan differences in metal binding sites.
3.5 Detection in seawatesamples

To test the array sensor in a motallenging analytical matrix, the same array was
exposed to the same paneligsolvedmetal ions but this timen an environmental seawater

sample collecteduring a scientific cruise on the Point Sur research vessel by our collaborator
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Prof. Alan Shiler of the University of Southern Mississippulfport. The seawater samples we
used came from thegion in the Gulf of Mexicavhere the Deepater Horizon platform used to
be locatedSensing irthis medumis often problematic due to the higher salirfitgg.0.6 M
NaCl)and level of chemical interferents, which often attenuate fluorescence propgrties
providing a variety of new pathways for noadiative decayHowever the verystrong
fluorescencemission of theseonjugated polyelectrolytend theow impact of collisional (i.e.
irandomd) quenching we f oun dM'"]imdicaseuhatthe tattev i o u s
would be of minimal conceraven in a high salinity environmemdditionally, our previous
experience witlluorenebasedconjugated polyelectrolytes showedinimal quenchingvhen
used in high salinity media for azo dye detectfth.ne pol ymer sd emi ssi on dc
be adversely affected by constitueotseawater (e.g. NaMg?*, CI).

Theseawatesampleswerpr ovi ded by Professor Al an Shil
of Ocean Science and Engineering at the University of Southern Missigsipgip of the Gulf
Coast pinpointing the geographic coordinates of the collected sample is shdugune3-14a.
All polymer solutions were prepared described previouslGiventheintrinsically higher
complexity ofseawater as sensing medium, thargetedconcentration of metal i was
500nM. Metal chloride stock solutions were prepared in DI water; small aliquots of these stock
solutions were diluted in the seawater provid&dimetal chloride solutions were diluted using
seawater from a single hpvad@gen dHohny zRBam@Ioei (1l ear
labb referred as ADWH30) to prevent unwanted ef
in environmental samples collected at different locatidhe metal ions solutions were then
added to the polymers and filleal ¥olume, using the esolvent system and conditions

previously stated, before being deposited on a@&# microplate. The same eight fluorescence
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measurements were collected as mentioned previdtigiyre 3-14b, once again, displays the
raw f | uor e n3IB@45ahm)tfoathethr@e conjugated polyelectrolytesthe

presence of all nine met al ions in ADWH30 sea

(a) (b)
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. 104 Aoy Mg = 380/450 nm —Ji
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Figure3-14 (a) A map of the Deepater Horizon location in the Gulf of Mexico, identifying the
coordinates of sample collection (redstar28 6 2 2 . @ O9RN 298 0 W) matrisfe’|d as tF
metal ion sensing. (b) Raw experimental fluoreseedata for th€h-AA, yne-AA, andPh-PA

polymers in the presence of metal catighs'] = 500nM) in Deepvat er Hor i zon ( A DW
seawater media, using the following baraks filter combinatiorgexc. = 380+ 10 nm,

2em.= 450+ 25nm. The reported valseare the averages of-18 replicate samples after

removal of outlier data points.

After data collection, variable reduction was carried out as desqileetbusly the
resultant data set was subjected to L&Al dimensionality reducticio generate the
two-dimensional scoresnd loadingplots shown inFigure3-15. Despite the much more
demanding conditionshe array displayed excellent discrimination of all nine divalent metal
cations. Once again, the factor loadings revealed th&hHeA polymerdid not contributeas
much to the discrimination compared to i@ AA andyne-AA polymers Interestingly this
timetheyne-AA polymer was foundo be the most important contributor under these harsher
conditions.As mentioned beforat was gratifyingto see that the PCA scores pidgoprovided

completeseparatiom f a | | ni ne met al I sample, indicatingtexcellénD WH 3 0
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reproducibilityand strong discriminatory power from the sensing array, givemtivhmore

complex andlemanding condition&eeFigure3-16).
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Figure3-15 (a) Two-dimensional plot of LDA scores for the differentiation of nine dinale
metal cations dissolved mseawater sample matrix using conjugated polyrRérdA, yne-AA,
andPh-PA ([M""] =500nM). The plot was generated usiogly theten most important
instrumentaimeasuremeni@nd captures 85.2% of the total information in the raw dat#Bet.
confidence ellipsoids are drawn to 95% confidence I€b¢iCorresponding LDA loadings plot,
indicating the relative contributions of each instrumenta@asuremerib the first two factors.
Red circles: contributions from fluorescence measurememitb-&A ; blue circles:yne-AA;
green circlesPh-PA.
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Figure3-16 Two-dimensiamal plot of PCA scores for the differentiationrohe divalenimetal
cations at 500M in naturalseawater, using the ten most important instrumenégsurements
All confidence ellipsoids are drawn to 95% confidence level.

To ensureeproducibility of the sensing array ataexplore the limit of differentiation of
the system in seawatdurther analysis was conducted in standard artificial seawater rfsegia

Table3-1 for its compositioh.4’

Table3-1 Constituentdor a 1kg artificial seawater solution prepared and used as a metal ion
sensing medium.

Components o/kg solkn

NaCl 24.9
MgCl> 5.21
NaSQy 4.16
CaCb 1.18

KCI 0.724
NaHCG 0.150

KBr 0.104
B(OH)3 0.027

SrCh 0.015

NaF 0.003

Initially, it was important to confirm that the array performed comparably in both

seawater matrices at [I}1= 500nM by reproducing the LDA scores plot that was obtained in
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natural seawater. All conditions and array preparaticere kept identical to those previously
describedandthe same eight fluorescence measurements were fakefi three polymers

namely fluorecence emission at 330/4330/460, 330/485, 330/51880/450, 380/460,

380/485 and 380/51&im. After multivariate analysis, variable and dimensionality redugction
two-dimensional scores pl@tas obtainedhat separates all nine metal ions and is pralty
indistinguishable from the 50eM experiment performedin h e A D WH 3seawatea t ur a |
matrix. Furthermorethe greatest contributors to differentiatiorthis experimenéare similar to

the natural seawater experimeynné-AA > Ph-AA > Ph-PA). The LDA plots of factor scores

and loadings at [V = 500nM in artificial seawatearepresented ifrigure3-17.
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Figure3-17 (a) Twodimensional plot of LDA scores for the differentiation of nine divalent

metal cations at 500M in artificial seawater media, usitige twelve most important

instrumental measurementsl confidence ellipsoids are dwn to 95% confidence levéb)
Corresponding LDA loadings plot, indicating the relative contributions of each instrumental
measuremertp the first two factors. Red circles: contributions from fluorescence measurements
of Ph-AA; blue circlesyne-AA; green circles:Ph-PA.

Given these results, the same experiment was repeaddvegr concentration

(IM"] = 100nM) in the artificial seawater mediur®nce againmultivariate analysis and
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dimensionality reduction produced twdimensional LDA and PCA scorgdots that displayed
good discrimination overalglbeitwith slight overlap between the €dnd PH clusters in both
plots, even after removal of redundant instrumental measurements (variable reduction).
Therefore, despite all other metal ion clustesmb wellseparated, the limit of differentiation
was conservatively reported to be I for the current system. The tvaddmensional plots of
LDA scores and loadings at [lyI= 100nM are given irFigure3-18; the corresponding PCA
scores plot is displayed Figure3-19. Under these more challenging conditionsl éower metal
ion concentration, the factor loadings indicate maréorm contributions from the three
polymers in fact,herethe Ph-PA polymerdisplayedts most significantontribution so far
albeit still minor. Overall, thgne-AA andPh-AA polymers werestill the most important

contributors to differentiation.
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Figure3-18 (a) Two-dimensional plot of LDA scores for the differentiation of nine divalent
metal cations dissolved in an artificial seawater matrix using conjugated polpmé
yne-AA, andPh-PA ([M"] = 100nM). The plot usesnly eleven of the most important
instrumendal measuremeni@nd captures 95.4% of the total information in the raw dat#Bet.
confidence ellipsoids are drawn to 95% confidence I€b¢iCorresponding LDA loadings plot,
indicating the relative contributions of each instrumemtahsuremerib the first two factors.

Red circles: contributions from fluorescence measuremeii®b-8fA ; blue circlesyne-AA;
green circlesPh-PA.
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Figure3-19 Two-dimensional plot of PCA scosdor the differentiation of nine divalentetal
cations at 10@M in artificial seawater, usingpe 11 most important instrumentakasurements
All confidence ellipsoids are drawn to 95%ndidence level.

The minoroverlap between the &@nd PH replicate clusters at 10tM was easily
overcome by retainingnore information (i.e. &ird LDA factor) andgenerating a
threedimensional plot. The LDA analysis repottstthe third factor cotributed 4.0%of the
overallinformation contenin the [M'] = 100nM data setThis relatively small addition,
however, was sufficient to provig@mplete separation of the 'Pénd Cd clusters; indeed,
these two metal clusters are clearly separdteda g t h®0 Adxicg a@imé&nsienalt hr e e

LDA scores plot is presented kigure3-20.
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Figure3-20 Threedimensional plot of LDA scores for the differentiation of nine divalent metal
cations at [M] = 100nM in artificial seawater medid he plotwas generated using the same
data set from the 2D plot shownkigure3-18a, using theelevenmost important instrumental
measurements, capturing 99.4ffthe total information in the first three factors. Only thé Pb
and Cd clusters are labeled for claritill confidence ellipsoids are drawn to 95% confidence

level.

The array presented here was highly successful with the detection of nine hedvy meta
cations at 100M in a single experimentnaachievement that would be very consideraivien
in neutral or buffered water, made moiableby thechallenginghigh salinity, high
interferenceanalytical mediumlt is noteworthy to mention again thatnoentrations of 106M
(low ppb) in seawater are on par with traues reported by the EPA as safedquatic life*?*
Thegoodreproducibility bodes well for future optimization work with these polymers in
artificial seawater, which can be translated seamlessigticralenvironmentakampes Future
work will also attempt to apply this conjugated polyelectroldsed sensor to esite detection

of toxic metal ion pollutants in the Gulf of Mexico.
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3.6 Conclusions

A series ofwater solubleeonjugated polyelectrolytdsased towards heavy na¢binding
wasdesigned andombinednto a sensing array for ultsensitive detectio(parts per trillion)of
metal cations in aqueous mediacluding successful detection in challenging seawater media.
Threestrongly emissivéluorenebased conjugategblymers were use@ach having their own
distinct combination of conjugadespacer group and metal binding units; the former adjusted the
electronic properties of the fluorene-polymer, while the latter altered the affinity of the
polymerstowardsmetalions Optimalconditionswere identified for high sensitivity metal
identification, namelya 50:50water:1,4dioxane solution used to break up ssjgregation of
the amphiphilicconjugated polyelectrolytebuffered to pH 7.4 using 26M HEPES A critical
step to ensure repeatable operation was the use of standasdimsibn solutions, prepared
from easily attainable saturated solutions and then diluted to provide a reproducible and

consistent fluorescence emission signal.

Preliminary metal ion titratio studies indicated th#tesepolyelectrolytegdisplayed
differential quenching with a variety divalentheavy metal ionssuggesting the manifestation
of many quenching mechanisms, including amplified quenching, aggregadioced
guenching, metal ieimduced quenching, and collisional quenchifiganks to their high
sensitivityandtheir promiscuous yaetifferential quenching r ef er ences, t he poly
response to metal ions could be interpreted by multivariate data analysis techniquesgaovid
exceedingly selective sensor at'[M- 500 pM in low-salinity water. Analysis of the factor
loadings revealed that differing electronic properti@ssed byhanges in the conjugated spacer
group (phenylene vs. ethynylenggre the most important contributor to giecriminatory

powerof this sensing array

84



Given thestrong and sensitivemissionpropertiefrom thesepolymerreceptorsand
ther relative ingnsitivity to potential quenchers in solutidhese polymers wemiccessfully
put touse as receptors in highly interfering natural seawater medgpite the higimterferent
|l evel, the polymersé fluorescenngewereentyi ssi on i n
minimally affectedretaining their capabilitie® discriminate the same divalent metal ions down
to 100nM in this complex analytical matriXh e easi ly tunabl e nature of
electronic properties proved to be the mo&tative for differentiation, a characteristic that has
rarely been applied to array sensing of metal ibfareover the strong metal binding,
EDTA-like, groups offered two novelonjugated polyelectrolyteend introducd a new class of
polymeric material$or future array sensing endeavois.the syntksis and functionality of
conjugated cgpolymersbecomes more readily accessible, this work offers a guide for optimal
array performance, using these matermalsltra-sensitiveand selectivemetal ionsen®srs

3.7 Experimental details

3.7.1Materials

2-[4-(2-hydroxyethyl)piperazifil-yllethanesulfonic acid (HEPES) and dibxanewere
purchased from ICI Scientific and VWR, respectivelgd used without further purification. All
metal chloride salts were bought from Fluka. For consistency, all stock solutions of polymers and
metal chloride salts were prepared fresh before each experiment. All experiments were carried
out in a 50:5@vater1,4-dioxane solution buffered to 7.4 with #8M HEPES, prepared by
adding an appropriate amount of HEPES free acid to deionized (DI) water; the pH was then
adjusted to 7.4 by adding 1M NaOH as needed and monitoring with a combined glass
electrode, thebringing up to volume. To avoid unwanted absorption of water over time, any

hygroscopic salts (Znghnd CdCd) were dried to constant weight in an oven set to°C1and
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stored in a desiccator before use. All polymers in this study were synthesizdthaacterized
by Dr. Joshua Tropp under the guidance of Prof. Jason Azoulay frofchioelof Polymer

Science and Engineering at the University of Southern Mississippi.
3.7.2Instrumentation

UV-vis experiments were performed on a Hewldtkard 8452 diode array U\tvis
spectrophotometer. Benchtop steatigte fluorescence measurements were carried out with an
ISS PC1 spectrofluorimeter. Excitation was carried out using a{sqeatrum higkpressure
xenon lamp (CERMAX, 300W). Excitation correction was perfed through a rhodamine B
guantum counter with a dedicated detector. Excitation intensity was controlled by a manually
operated iris (open/closed only). Spectral resolution was controlled by manually operated slits.
Detection was through a Hamamatsu-sedsitive PMT. Experimental temperature {£3 was

controlled byanexternal circulating water bath.

Multivariate data was acquired on a BioT&nergy limultimode microwell plate
reader, capable of measuring absorbance spectra through a monochroohateadystate

fluorescence intensity tbugh a set of bandpass filters:
Excitation filters:  (center/bandpass) 330/2tn, 380/20hm
Emission filters: (center/bandpass) 450/8fn, 460/40nm, 485/20hm, 516/20hm

The sample compartment in this instrumematelectrically thermostattetd 25°C.
Detector gain on the plate reader was automatically adjusted to maximize the signal of the most
emissive well on the plat&xperiments were laid out by hand using Eppendorf Research
multichannel pipettors and dis@dse plastic tips into Aurora microwell plates with clear
bottorrs for fluorescence spectroscopy in a 38dll configuration. The platesere made of non

treated cycleolefin polymer (COP) with clear flat bottoms. Each well was filled with exactly

86



100 pL ofsample solution for uniformity. Plates were readtmmultimode plate reader
immediately after preparation. Reading required abotB®Minutes for each plate. In this time
span, there appeared to be no evaporation of solvent (6t&@ dioxane), therefore plates did
not need to be sealed.
3.7.3Benchtop titrations

All benchtop optical spectroscopic measurementduding metabinding titrations were
performed in 50:5@vater:1,4dioxane buffered to pH 7.4 using 88M HEPES. Polymeestock
solutions were prepared Byspending the solid polymigrthe water:dioxane solvent and
sonicating the suspension fo32ninutesAfter cooling, ech saturated polymer solutiaras
then transferred to a centrifuge tube and centrifuged for 30tesiau3,300rpm using a Fisher
Scientific Centrific centrifuge, Model 228fter centrifugation, theaturated solution
supernatant wagmoved Any residual suspended solids wesenoved from iusing a 13nm
syringe filterwith 0.4 m PTFE meamb/WR)Aorkifgfpalymer solutions were then
diluted by adding an appropriate aliquot of this stock soly@®@-400uL) to pure
50:50waterl,4dioxane solventbuffered to pH 7.4 with 250M HEPES in a 1cm quartz
cuvette Absorbance and fluorescenemission measurements were then talkerhethree
polymers. Representative absorbance and fluorescence spectra are presegted3r1.
Fluorescence emission spectra were collected by exciting the polymer at their reisftest
spectral maximum.

All metal binding titrations were performed by addagieasuredliquot of the polymer
stocksolution into pure 50:5@ater:1,4dioxane(buffered to pH 7.4 with 25bM HEPES in a
1 cm quartzcuvetteto obtain a working solution with the desired fluorescantansity.

Fluorescence emissioneasuremesif each workingpolymer solutiorwere then taken
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Subsequent additior{&-100 L per addition of a separately prepared titrant solution, containing
a known concentration of metal chloride and the same concentration of polyeneadded to
the cuvette. Fluoresceneeissionmeasurements weosllected immediatelafter each addition

of titrantsolution.
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Figure3-21 Representativelsorbancesolid lines)and fluorescence specii@otted lines¥or
Ph-AA (red ,2exc =380nm, 400e L a dtatlesdlution)yne-AA (blue,dexc = 400nm,
200e L a dtacle stlution)andPh-PA (greengexc =380nm, 400e L a dtatle sdlutioi.
Working olutions were prepared anlcm quartzzuvette byaddingthe indicated amount
(200-400¢ ) of asaturatedstock polymer solutioto 2.0mL of pure cesolvent
(50:50water:1,4dioxane buffered to pH 7with 25 mM HEPES.

3.7.4Multivariate data analysis

Linear Discriminant Analysis (LDA) and Principal Component Analysis (PCA) were
used to interpret theéata setscommonstatistical treatments used for the interpretation of
multidimensional data sets. All multivariate analyses were performed in the commercial
Mathematicgprogram (release 11.3) published by Wolfram Research Inc, csdegleveloped

in-house.
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As apreliminarystep to check for statistical outliers, principal component analysis was
applied to each set of metal ion/polymer replicate poiRéglicate pints well outside a 95%
confidence interval (Cl) were considered outliers and removedthiemaw data seEigure3-22
displaysthe results of this analysier Cu(ll) in the 500pM data setis an exampjen this case,
data point 2 lies well outside the%®=<onfidence ellipsoidnd was removed from the data set

before further analysis.

Cu

¢ o

o
. *e

Figure3-22 PCA score plot for replicates of the Cu(ll) analyte in the pI0replicate data set,

with a calculated 95% confidence ellipsoid shown as a grey line. Point 2 (indicated in red) is
clearlywell outside the confidence interval and was therefore removed from the data set before
further analysis.

As a further preliminarytep inaddition to outlier data removal, the quality of
information carried by each raw instrumentsedasuremenvas analyzed. LDAnd PCAwere
run forafirst time usingall instrumentameasurementndbased on the analysis of thBA
loadings plobbtaned from these results, mamstrumental parametevgere found to contribute
very little to the overall differentiatiorlhus, & optimal threshold wa®und by which

redundantneasurementsould be removed, while at the same time preserving the most
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importantones For all data sets in this study, the optimal threshold was determined to be
between 0.8..0% of theoverall weighted contribution amoral factors in the transformed data
set; i.e. any instrumentadleasurementhose percent contribution whslow this set threshold
was removed, and anything above was retaifedexamplethe optimal threshold for the
500pM data set was 1%which resulted in retention @inly ten of the24 total instrumental
measurementshis variable filtering methotbr the 500pM data setvas graphically displayed

in Figure3-11above
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CHAPTER 4

BINDING INTERACTIONS OF HYPERBRANCHED POLYELECTROLYTES
WITH AROMATIC HYDROPHOBICS IN WATER

4.1 Introduction

For many years, globular polyelectrolytes, such as dendrimers and micelles, have been
extensively studied as encapsulating agentsrfallorganicmolecules-*¥14° In particular,
dendrimers are hyperbranched polymers containing a centrdraorevhichrepeat units extend
outwards.These macromolecular architectures were first introduced in the lateli970sV "~ gt | e
et al,’>°and since have led to a large variety of dendritic chemical stru¢fi@se such class
of dendrimerspoly(amidoamine) (PAMAM) dendrimerBrst prepared in the early 1980s by
Tomalia et al!®?consist of avariety of divalent coreshe most common being
1,2-diaminoethandethylenediamingen) core with amidoamine repeating unasdterminal
primary amines representing further growth arahching poirg, with each new branching point
starting a new generation of the dendrin@ahemet-1 shows tle chemical structure of a
generation 1 (G1) PAMAM dendrimeFheyare water solublesommercially availableand
highly ordered cationic polyelectrolytésat have received attention due to their interesting

features, such as their welefined globular sticture and high loading capacii#*>*

In the Bonizzoni group, theulti-valentbinding capacityassociated with these
polyelectrolyteshasbeenexploited making them effectiveupramolecular hosts for the
detection obrganophosphates and biological phosph#t&and of carbohydrate$using

optical spectroscopic methods. Given these promigeglts andvanting to attain a deeper
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understandin@f the procsses involved in encapsulation of small molecules with these
polymerst>>1> our group embarked in studies to clarify these interactions with-snuddicule

analytes in water.
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Schemed-1 Chemical structure of a first generation (G1) antgreninated poly(amidoamine)
(PAMAM) dendrimer

The findings from thigreliminarywork, performed by Dr. Adby Steelmanshowed
that electrostatic interactiopsovide most of the driving force for complex formatiaith
hydrogen bonithg andinteractions from the dendrimer armigh aromatic moietie¢.e. CH’
and cationA” i nt e m #he guesomolecule algwoviding more subtle differentiatioim
affinity between these dendrimers and small watduble specied helatter result was
representedraphically using two trianion guestamesate and,3,5cyclohexanetricarboxylate
(CHTC), upon their addition ta 5,(6)-carboxyfluoresceiffCF)-generation 5 (G5) PAMAM
complex, displaying better displacement capability by trimeS&he chemical structurexf
each smalimolecule targeandthefluorescence isotherm pkarepresented ifrigure4-1.
Starting with thedendrimeffluorophore complexthe fluorophoréCF), is significantly

guenched by the dendrimer. Upthie addition of the displacer (DP) guest molecules, the CF
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molecules will be released from tdendrimerhost, restoring its fluorescence signal. Given the
similar charge density, it was proposed that the overall greater affinity was attributed te’cation
or CH" interactions involving the aromatic copéthe trimesate guedn this chapter, we focus

on the effects of this unexpected and important interactiadmesetdendrimers with small guest
molecules with aromatic moieties. Fluorescent spectroscopic methods were used to probe the
underlying interactions between amitegminated PAMAM dendrimers witsimple, yet

analytically relevant, polycyclic aromatic hydeybon (PAH) targets.

0 0 0 0
0 o "0 o
VS.
0~ o 07 0

Trimesate 1,3,5-cyclohexanetricarboxylate
A
A ab® Ao(ADOO
0.8 | 0c® OOOOOO
:O 06 1
0.4 | §
A trimesate
0.2 | o CHTC
O 200 400 600 800 1000

[DP] / [CF]
Figure4-1 Fluorescence intensity isotherm frahetitration of a G5CF, complex with
trimesate and 1,3;8yclohexanetricarboxylate trianion displacers (DP$)CF] = 2.0 eM,

[G5] = 0.45eM in buffered HO (pH = 7.4with 50 MM HEPES &exc. = 485/20nm,
&em = 560/40nm).

Polycyclic aromatic hydrocarbons (PAHs) were chosen as a homogeneous family of
hydrophobic aromatic compounds having pronounced andchatbcterized fluorescence

properties, providing a valuableamaried group of probes to study their interactions with these
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macromolecule?AHsarewell-known as toxic environmental pollutants with mutagenic and
carcinogenic propertiesvhose determination through roavalent sensing methods is important
for envionmental and health applicatight§%? so identifying their uptake into patyeric hosts
could foster further applications towards their sensing and remedi&tiese compounds occur
from many natural sources, howevemissions from pyrogensources such as fossil fuels and
industrial manufacturing lead to their unwanbeloduction into the environmeft164 Thus,
many research efforts aim to addressdéectionof these compounds, despite their uncharged
and nonpolarnature, featureless chemical structure, and lack of heteroatom containing
functional groups® In addition to chemical detection applicatipnaderstanding the
interactions between PAHs and PAMAM denaerswould alsoimpact otheproblems, such as

hydrophobic drug dissoluticeind bioavailability andproblems inseparation science.

For this studythe fluorescencemissionresponse of anthracene and pyrene
(Schemed-2) wasinvestigatedupon their interactiowith amineterminated PAMAM
dendrimersThesePAHswere chosen as representative examples for rislaitively simple
chemical structure, tirereadyavailability, andtheirintense well-characterizefluorescence
emissionproperties-®®1¢” To evaluate the uptake of Piguests by dendrimer hostrieutral
waterdespi te t he PAHOs | qadissotutiontbsting methpydwasedat hi s me
common techniqueftenusedfor the determination of solubility properties of
pharmaceutical&® Preliminary thinfilm dissolution experimestand results, conducted by Dr.

Steelman, are presented in the following section.
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Anthracene Pyrene

Schemet-2 Chemical structures of anthracene (left) and pyrene (right) as representative PAHs
used as guestinding probes with aminterminated PAMAM dendrimers.

4.1.1 Thin-film dissolution experiments

For thismethod hexans stock solutions of PAH guests wgreeparedand small
aliquots(200-300 L) of these solutionaere added to multiple cuvettes and soévent
removed under a stream of nitrogerdeposit a constant amount of PAH in each cuv€tee
was taken to deposit an amount of hydrocarbon much greater than what can be solubilized by
water alone, and large enough to ensure that only a fractite afzailable PAH would be
brought into solution by the polyelectrolyte, ensuring that the free dissolved PAH would always
be maintained at a constant concentration by
presence of the solid thin filnT.o the cuvettes were addédfferedaqueous solutions containing
increasing concentratisof three generations #AMAM dendrimer(G3-G5). Dendrimer
generations were chosen because they strike an optimal balance between large size and
affordable costmakingthe findings more relevant for practical applicatidnsfact, dendrimers
smaller than G3 do not display high enough affinity to be viable in the desired appli¢&tions.
On the other hand, larger dendrimers might perform better than those ddpenee however
they are exponentially more expensive than the smaller sized generations due to greater difficulty
obtaining them in high purity. All agueous solutions were buffered t@.gHisingo0 mM
HEPES since we were interested in aqueous condit@egant to physiological and

environmental applications.
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Once preparedhe cuvettes werthenallowed to equilibrate overniglat room
temperaturgand a fluorescence spectrum of eachutiontaken upon excitation at 350m. The
results obtained witanthracene, shown Figure4-2 andFigure4-3, werepromising, witha
linearincrease in the fluorescenemissionsignalfor anthracenasthe concentratioof
amineterminated PAMAM dendrimeras increasedndicating that more anthracene was being
brought into solution as the dendrimer was addéds result, although encouraging, may also
have been influenced by the slight change engblvent composition as larger quantities of
dendrimer stock solutiowereadded (since dendrimer stock solutions are made up in methanol),
with a concomitant reduction in solvent polarity. Moreover, higher generations of PAMAM
dendrimer caused proportially greater quantities of anthracene to dissolve from the thin film
into solution (se&igure4-2, right) Once again, a slightly larger amount of MeOH was added in
with the larger dendrimers: therefore these conditions could not yet confirm that the observed

effect was completely due to the polymer.
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Figure4-2 Left: Representative fluorescence spectra of anthrameught into solution from a
thin film in buffered water (pH: 7.4 usingbO mM HEPES) as a function of increasing
concentration of G4 amireerminated PAMAM dendrimeRight: Comparing fluorescence
emissionprofilesfor anthracenas a function bincreasing concentratiaof G3-G5 PAMAM
added; the black solid lines were obtained from linear regression anakysis 850nm,
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2em.= 404 nm; total depositednthracene 1.12emole9. The correspondinfjluorescence
emission spectra with G3 and BAMAM dendrimersare presented iRigure4-3.
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Figure4-3 Fluorescence spectra for anthracene brought into solution from a thin file®in H
buffered to pH 7.4 with 560M HEPES as a function of increasing concentrations of G3
PAMAM (left) and G5 PAMAM (right)dendrimers&ex.. = 350nm, total deposited
anthracene 1.12umol).

Pyrene was used as a second fluorescent probe with unique afkthowet emission
characteristics. Specifically, pyrene is krote form excitedstate dimers (excimers) when
concentrations are high enough to permitexcitedstate pyrene to come into close proximity
with another groundtate moleculé®® In water, however, the natural solubility of pyrene in
neutral buffered water is too low for free pyrene in solution to exhibit excimer emission under
the experimental conditions outlined above. Therefore, observation of the gr@mer
species centered @=m.= 470nm) in the presence of PAMAM dendrimers would be a direct
indication that pyrene molecules have been forced into closer proximity through binding to the
dendrimer; in othewords, it would be direct evidence of Hing multiple pyrene molecules to
the polyelectrolyte.

Thin-film dissolution experiments were conducted for pyrene according to the same
procedure previously described for anthracene. AASGPAMAM dendrimer was added, a

noticeable excimer band was formadhe fluorescence emission spectrum, upon excitation at
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338nm, which was otherwise not observed for free pyrene in water solution without the

dendrimer. Moreover, the intensity of the excimer band was linearly dependent on the PAMAM
concentration, witla more pronounced dependence for higher generations of PAMAM. These

results for pyrene, presentedrigure4-4 andFigure4-5, display a clear emergence of the

excimer band, which strongly supported the hypothesis that the increase in fluorescence emission
signal of PAH was due to supramolecular comfteration between PAH and dendrimer,

leading to a net increase in PAH solubilization in water. In this context, pyrene is a particularly
usefuldchiachuwmwall 6 probe: I t s mmomrepares on the concergratiom ar
of free pyrene in solutih; as shown ifrigure4-4 andFigure4-5, this concentration is controlled

bythepr obeds thermodynamic dissolution equilibri
minimally with added dendrimer concentration, since solid pyiesel present on the walls of

the experimental vessel. On the other hand, the excimer emissiobiranh4éports on the

amount of pyrene bound to the dendrimer, whose molecules are forced closer together, enough

for excitedstate complexes to form.; this emission signal increases markedly with the addition of
dendrimer hosts, with the slope of this irasging trend being a measurement of the relative

Al oading capacityo of each dendri mer generat.i
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Figure4-4 Left: Representative fluorescence emission spectra of pyrene brought into solution

from a thin film in buffered water (pH 7.4 usingb0O mM HEPES) as a function of increasing
concentration of G4 amirerminated PAMAM dendrimer. Right: Profiles of the normalized
fluorescence emission of pyr enenfadionehG8E5mer as
PAMAM (8exc.= 338nm, aem. = 470nm; total deposited pyrerel.07umol). The

corresponding fluorescence emission spectra with G3 and G5 PAMAM dendrimers are presented
in Figure4-5.

G3 G5

I-/a.u
N
 ——
I /a.u.
N
S

400 450 500 550 600 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure4-5 Fluorescence spectra of pyrene brought into solution from a thin filnraGnddffered
to pH 7.4 with 50nM HEPES as a function of increasing concentrations of G3 PAMAM (left)
and & PAMAM (right) dendrimersdexc. = 338 nm, total deposited pyrerel.07pumol).

Based on our groupds previous experience w
guests>8 it was proposed that the most important interactions responsible for the observed
effects with anthracene were catiomr CH-" interactions between the aromatic anthracene and

positivelychargd a mmoni um groups at the dendri merés s
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between the noepolar hydrocarbon guest and the hydrophobic interior of the dendrimer. These
interactions were responsible for hydrocarbon uptake into a complex with the polymerjrwhich

turn caused the further dissolution of anthracene from the thin film reservoir, as required by

ant hhraceneb6s natur al di ssolution equilibrium
from added polyelectrolytes was also considered as a posaitse for the increase in

ant hraceneb6s emission. However, hi gher el ectr
solubility of anthracene and other aromatics in aqueous soldffdriswhich would, in fact,

lowerthe observed emission signal, and yet in this experimemgcegasen that signal was

observed.

Preliminary results confirmed that an increase in ionic strength alone would not enhance
PAH fluorescence by repeating the same experiment using a polyanionic carbtyhatated
PAMAM dendrimer Such carboxylate terminated dendrimers arerredl to as
A helefnerati ono PAMAM ( e .-tgrminatéd nefativelgchargece car boxy
equivalent of the aminterminated polycationic G5). The similarly sized polycarboxylate
PAMAM G3.5 and polyammonium G4 dendrimers were both probed usingaaatie and
pyreneunderthe same experimental conditions described above. Although they have opposite
charges, the two dendrimers represent similar generations and are otherwise comparable in
structure, size, and mass (64 surface groups;KlaZzand 12.%Da for G4 and G3.5,
respectively)The results, shown iRigure4-6, indicated that the presence of G3.5 PAMAM
dendrimer causeda@ecreasena nt h r amissioresiya, attributed to the increased ionic
strength in solution, which caused the amount of &r@racenén solution to decrease by

changing the properties of the bulk solvent. For anthracene, these observations were a
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completely opposite from those madehwi4 PAMAM, whose emission clearly increased in the
presence of this dendriméfigure4-2).

On the other hand, similar experiments with pyrene displayed similar qagnchi
behaviors when pyrene saturated solutions were exposed to either cationic G4 vs. anionic G3.5
(Figure4-6, right), indicating that the peripheral functional groupgt@dendrimeswere less
involved in thér interactionwith pyrene to these dendrimers and, at the same time, that the
hydrocarbon is bound in a position more accessible to the tertiary amine quenchers, found within
the inner layers of these dendrimers. Taken together, the preliminary results provided by Dr.
Steelnansuggestedhat the main driving force for the binding of pyrene to these dendrimers was
likely hydrophobic interactions, instead of the catieid- i nt er acti ons hypothe
anthracene. In facsuchchargépolar i nt er act i o n s limited totthh egoaofs y st e
the dendrimer near the surface, exposed to the solvent, where the charged ammonium ions

participating in these interactions are fodfrd.
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Figure4-6 Thin film experiments of anthracene (left) and pyrene (right), comparing the
effectivenes®f positively (G4) and negatively (G3.5) charged poly(amidoamine) (PAMAM)
dendrimers ([@] = 0.10mM for anthracene experiment, fif>== 0.23mM for pyrene
experiment). The emission spectrum from a saturated solution of free PAH is included as a
referenceAll measurements were conducted isOHsolution buffered to pH 7.4 B0 mM

HEPES (total deposited anthracen#6.9umol, pyrene= 5.24umol; anthracen@ex.. = 350nm;
pyrenedexc. = 338nm).
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4.2 Strict control of bulk solution properties

As mentioned irtheintroductorysection, because PAMAM stock soluticaremade up

in MeOH and have different concentrations for each generation, increasing the concentration of

PAMAM also resulted in an unwanted and concomitant increase in concentration of MeOH in

the bulk solution, which may skew the reported results. Tororifiat anthracene uptake was

not a simple sideffect of the reduction in solution polarity caused by the MeOH, the same thin

film dissolution experiments were carried out a constant concentration-G5G&ndrimer after

adjusting the MeOH concentratiomeach solution to the same value, thereby eliminating any

bulk solvent polarity effect. Results from these experiments are preseirtigdiied-7. For

anthracene, aimcrease in fluorescence emission was observed, which strongly suggests

anthracene binding and uptake by the dendrimer. For pyrene, on the other hand, an opposite

trend was observed;

e .

there is

a nati

ceabl

the PAMAM dendrimer. Furthermore, the excimer emission signal was no longer visible in these

conditions.
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Figure4-7 Fluorescence emission spectra of anthracene (left) and pyrene galyhiyn in
equilibrium with a thin film of the respective solid in®l buffered to pH 7.4 with 56/M
HEPES in the presence of a constant concentration of dendnmdanethano|[Gn] = 0.10 mM,
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7.2% MeOH;total deposited anthracerel.90umol, pyrene= 1.56 umol; anthracene
Aexc. = 350NmM, pyreneexc. = 338nm).

These resultsf thin film experiments with solutions that have the sawigent
compositionindicated that further investigation was needed to determine the modes of
interaction of these catiamdendritic hosts with hydrophobic aromatics, including PAHs. We
therefore turned to steadyate fluorescence anisotropy, thmesolved fluorescence

measurements, and selective quenching experiments to probe the location and mode of binding.
4.3 Fluorescence anisotropy

Fluorescence anisotropy experiments were conduoteonfirm binding of the PAH
probes to cationic PAMAM dendrimer$.boundto the larger dendrimethe PAHprobed s
anisotropy signalvas expected timcreaseelative to that of te freesmallmolecule
fluorophore Free rotation of small molecules in solution ocaliout2 orders of magnitude
faster than thentrinsic fluorescence lifetime ahe PAH fluorescent probes used hdreus,
thesesmall fluorophorswill have isotropic ptarization of their fluorescence emission, when
free in solution anéxcited byplane polarizedight (i.e. thiswill give a low anisotropy signal
However the rotational diffusion rate of the complex formed by these fluorescent probes upon
binding to tke much larger PAMAM macromolecule dominated by the slower tumbling rate of
the larger host, resulting in higher anisotropic polarization of the fluorescence emission of the
complex (i.e. a higher anisotrogignalwill be observed).

Thin film dissolution experiments were carried out at a constarGEFPAMAM
concentration ([@ = 0.1 mM). Four 1cm quartz cuvettes were prepared containing a thin film of
each PAH probe, obtained by evaporation a hexanes solution as described in the previous

section; eachuvette was filled to a constant volume with buffer and a calculated amount of
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G3-G5 dendrimer stock solution in methanol was added to each cuvette to achieve

[dendrimer]= 0.10mM. Once again, care was taken to ensure that each cuvette solution
containedtie same percent volume of methanol (7.2% MeOH in this experiment). We also

ensure that the dendrimer concentration was low enough to prevent interference from the

PAMAM dendri mer so weé¥&%vhichmayrinterrs with ansotropg s i o n ,

measurement\s shown inFigure4-8 smaller G3 and G4 PAMAM dendrimers display weak

intrinsic fluorescence emission at relativligh concentrations, upon excitation at 328

(a) (b)

50

G3 into HEPES buffer
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Figure4-8 Intrinsic fluorescence emission spectra of PAMAM dendrimers upon excittion
338nm: famiies of fluorescence emission specifa water solutiorbuffered to pH 7.4vith
50 mM HEPES, upon the addition of (a) G3 PAMAMI®OmMM) and (b) G4 PAMAM

(0-0.12mM) dendrimers

Based on these results, it was apparent that, at millimolar concentrationsowesse

generation PAMAM dendrimers contribute a significant portibtheir emission signal in the

region where the PAH probesd

e

mi ssi on

emission would be highly polarized, interfering with the determination of fluorescence

anisotropy of the PAH probes by artificially incsérag the fluorescence polarization signal.

Results from the first, potentially flawed, fluorescence anisotropy experiments using@digh

S

PAMAM concentrations are displayedhingure4-9. These exhibited a noticeable increase in
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anisotropy signal for both PAHs with increasing dendrimer concentration, reaching saturation at
relatively high [G3 PAMAM], in the millimolar range, where G3 PAMAM contributes
significantly to theoverall emission signal. Thus, it was unclear how much of the observed

anisotropy signal came from the bound PAH vs. the dendrimer itself using this method.
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Figure4-9 Fluorescence anisotropy of (a) anthracene at@4black) and 426m (red) and

(b) pyrene at 374m (black), 394m (red), and 43@m (blue), upon the addition of G3
PAMAM dendrimer. All measurements were conducted in water buffered to pH 7.4 witlvi50
HEPES (anthracergy.. = 350nm; pyrenedex.. = 338nm).

To overcome this problem, thin film dissolution experiments were modified to use a
constant low dendrimer concentration. These modified conditions guardnéetission from
the dendrimers would be negligible and it would not interfere with the measuotrefthe
anisotropy of PAH probes themselves, ensuring that a high anisotropy signal could be safely

ascribed to the bound fluorophore probe bound to the dendrimer.

Once the four thin film experimental cuvettes were prepared for each RABolutions
were stored at room temperature overnight to reach equilibrium, as described previously in this
chapter. Multiple anisotropy measurements were then taken for each cuvette, with the results
presented ifrigure4-10. For both fluorescent probes, anthracene and pyrene, there is a clear

increase in fluorescence anisotraming from free PAH to higher PAMAM dendrimer
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generations (G® G5). The observed trend provided furtieerdence that each PAH probe was
bound to the dendrimer. This increasing trendnisotropy of each PAH probe with G3 vs. G4
vs. G5 PAMAM dendrimers agrees with expectation; the larger higher generation PAMAM
dendrimers can accommodate more PAH guesteutds, increasing the fraction of total PAH

that is bound to the polymewhich causes a corresponding increase in fluorescence anisotropy

signal

0.08 {Anthracene 0.014 {Pyrene

[G,]=0.1mM [G,]=0.1mM
S € 0.012 1
c c
S 0067 S 0.010 1
< ™
© T 0.008
2 0.04 1 2
o © 0.006
3 3
2 002 | 2 0.004 1
< <
0.002
0.00 - T T 0.000 - T T
Free Anth. G3 G4 G5 Free Pyr. G3 G4 G5

Figure4-10 Fluorescence anisotropy data émthracene (left) and pyrene (right), with constant
concentration of G&5 PAMAM dendrimer ((5n] = 0.1 mM). Each solution containdaliffered
H20 (pH= 7.4 with 50mM HEPES) and.2% MeOH by volume (anthraceag..= 350nm,

PY I €l ®338am).

The relatively low absolute values of the meadamisotropy signal for both PAH
probes are likely due to the presence of free probe in solution, dissolved from the thin film
depositedbn t he cuvetteds wal |l s riancTheosmdliunbgundt o it s s
fluorophore probes themselves have a very | ow
anisotropy is an average over all emitting forms of each probe, weighted by their molar fractions.
Thus, the relatively high proporticof unbound probe in solution, with its low anisotropy signal,
considerably depresses the ensemble average reading. It is also noteworthy that,

counterintuitively, the anisotropy signal for the smaller anthracene probe is higher than the
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slightly largery r eneds ani sotropy signal. This can be
anthracene than for pyrene, which increases the fraction of anthracene bound overall, increasing

its relative contribution to the anisotropy signal; to the possibility of diffedegrees of internal
mobility in each probeds complex, with pyrene
or, ultimately, to a higher intrinsic anisotropy of anthracene vs. pyfehe&l’® Fortunately, the

absolute value of the anisotropy signal is not important here, but the trends are, and the

information deaned from these experiments also supports tight binding of these hydrocarbon

probes to the PAMAM cationic polyelectrolytes.
4.4 Time-resolved fluorescence

Fluorescence lifetimdeterminations were carried out on the complexes of these PAH
probes with G355 PAMAM dendrimers as well. Four cuvettes were prepared and equilibrated
overnightwith an equal concentration of PAMAM dendrimer for each generation
([Gn] = 0.10mM), as outlined in previous sections. Thresolved fluorescence measurements
were then coducted to determine the fluorescence emission lifetimes of the PAH probes with
and without the dendrimer. The exponential decay profiles for both PAHs WitB5G3AMAM
dendrimers are displayed kigure4-11. Fitting of the decay profiles for both PAM&s
achieved using a texponential decay model (€2). Indeed, fitting decay profiles of simple
PAHSs to a multiexponential decay in water solution is not uncommoifach two emitting
species are often observed, corresponding to the free PAH (shortest lifetime) and a hydrate
aggregate cluster species (typically lontieed);1"*182these PAH probes in particular also have
the potential for excimer and exciplex formation, emitting species with significantly longer

lifetimes166

) 1 OAT pErGA "tA #iA AR
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For anthracene, contributions were ascribed to two shibrezt emittingspecies and one
longerlived ore, although the latter had a significantly smaller contribution to the overall
emission (ca. 1%l able4-1). Uponadditionof dendrimer, little change was observed ia th
excited state lifetimes of the two shortéged contributors to the overall fluorescence emission
(i.e. free anthracene in solution and its hydrated aggregate, respectively), suggesting that the
dendrimer was incapable of acting as a dynamic (i.asmoibl) quencheof free anthracene in
solution. The contribution of the longkved emitter increased somewhat in the presence of

dendrimer, but its lifetime was the most significantly reduced of the three.

Anthracene Pyrene
1.0 1 .y Instrument Response (IRF) 101 - Instrument Response (IRF)
—— Free Anth. i —— Free Pyr.
G3 : G3
S — G5 S — G5
f 0.6 1 f
2 2
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3 041 3
O @)
02|
0.0
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Figure4-11 Time-resolved fluorescence decay profiles for anthracene (left) and pyrene (right)
with constant concentrations of &b PAMAM dendrimer (@] = 0.10mM, 7.2% MeOH by
volume in HO solution buffered to pH 7.4 with 56M HEPES).

Table4-1 Time-resolved fluorescence decay parameters fromxponential fittings of the
emission decay profile data for anthracene and pyreRgiune4-11 (|[Gn] = 0.1 mM).

Gn Ums) Gns) G(ns) %1 % %3
FreeAnth. 3.36+0.03 7.41+0.04 28+1 38 61 1
G3 3.06+0.03 6.93+£0.04 21.4+0.6 34 64 2
G4 2.75+0.03 6.59+0.04 18.7+05 30 67 3
G5 2.86 +0.03 6.66+0.04 202+05 36 61 3

108



Free Pyr. 10.1+01 29.1+02

G3 8.2+ 01 28.0£ 0.2
G4 7.80+ 0.0 27.0+02
G5 8.0£01 27.0+02

Contrarytoant hr acene

around 80100ns (Table4-1) |, corresponding

1017+0.4 2
91.1+ 04 1
86.5+ 0.4 2
79.5+ 0.4 2

1 56
8 62
0 59
0 59

23
20
21
21

, -lived coenpoaemtswithl ao exgted state lifetime

to the

excermer 6s

relative contribution, consistent with our observations in stesale fluorescence emission

experiments. It is interesting to note, however, that in these conditions thellongere d

exci mer

contribution is evident even in the absence of the demdsiAmong the monomer lifetime

components, the shortBved species for pyrene displayed a greater decrease in their lifetimes

(lhnd Wpon interac

was relatively small for botRAH probesNeverthelesshie more pronounced decrease in

pyrenebds emitter |

tion with

i feti mes

PAMAM t han

with the

ant hr a

dendri mer

more prominent for pyrene; this is consistent with our previous observafipng r e n e 0 s

steadystate enission Figure4-7).

Overall, thedecayprofiles for each PAH probe in the presencéPEMAM] = 0.10mM,

i.e. the same concentration used in the steshale work desibed above, were similar across all

dendrimer generations, shownHRigure4-11. This is a particularly important observation in the

case of the pyrene probe, givéna t p

yreneods e

mi Sssi on

S

guenche

dendrimer Figure4-7), which may suggest adventitious interactions between the dendrimer and

PAH, leadingtocb | i si onal

guenching.

However

pyreneos:s

essentially unaffected by the added dendrimer, effectively disproving this collisional quenching
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possibility and indicating that the observed stestlfe quenching was due t@tformation of a

groundstate complex between pyrene and the dendrimesf{atc quenching).

Fluorescence lifetimeneasurementsere also carried out at high concentratbn
dendrimer (0.84nM) with both PAH probedo highlight the different behaviaf the two
fluorescent PAH probes upon interaction with the same dendritic®f!AMAM was used
for this study, representing the rpoint in generation and size among those we selected for this
work. Indeed, at higher concentrations ot B4AMAM dendrimer, we observed a much more
significant change in the decay curve of the free vs. bound species for both PAH probes., as
shown inFigure4-12. The correspating lifetime parameters obtained from a mabponential
fit (Table4-2) clearly shows that there is a more substantial decrease in the lifetimes for all
emissive spaes at this higher dendrimer concentration; expectedly, pyrene displays the greatest
change in lifetime compared to anthracene, indicating that pyrene is more susceptible to dynamic
guenching with these dendrimers. We hypothesize that this is indicattgentore interior
position within the hydrophobic core of these dendrimers upon binding, which leaves it more
susceptible to dynamic quenchi ngGiventhesehe dendr
results we tested our hypothesis further by condugsalective quenching experiments to more

directly probe the location of these PAH fluorophosé®n bound to the dendrimers
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Figure4-12 Fluorescence emission decay profilesdothracene (left) and pyrene (right) with
and without GAPAMAM dendrimer (gold and red lines, respectivg{y4] = 0.84mM). Each
solution contained 15% MeOH by volume in@®isolution buffered to pH 7.4 with 56M
HEPES.

Table4-2 Time-resolved fluorescence decay parameters fromxponential fitting of the
emissiondecay profiles for anthracene and pyrenEigure4-12 ([Gn] = 0.84mM).

L”l (ns) a (ns) L,l (ns) Y1 % %3

Free Anth. 3.31+003 7.33+005 24+1 36 63 1
G4 +Anth. 1.86+0.02 588+004 136+02 27 65 8
Free Pyr. 10.1+0.2 29303 107.7+04 18 52 30
G4+Pyr. 316+005 155+02 388%02 19 43 38

4.5 Selective quenching experiments

Theexperimental resultdiscussed so fatrongly suggeddistinct interaction modes

between each of the two hydrophoBiimrescent guests and the polycationic PAMAM hosts.

Based on the steagytate and timeesolved fluorescence measurenseigcussed previously,

the dendrimer is a more effective quencher fo
anthracene, an effewe ascribe to the positioning of pyrene upon binding t he dendr i me
hydrophobic core, |l eading to better quenching
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electron transfer from the tertiary amine groups present in the interior of thenden'd! To
independently probe the location of binding of the anthracene and pyrene fluorophores to the
dendrimer insupport of this hypothesis, we conducted cesium(l) selective quenching
experiments on complexes of these probes wittGE3PAMAM dendrimers.

If binding of the fluorescent aromatic hydrocarbon probes were driven primarily by
cationCH-- 1 nt er a cinvolve the protomakkprimdry amines of the dendrimer, found
only at the surface of the macromolecule, then even when hol&IMAM, the participating
fluorescent probesouldb e | ocated cl ose to the dendri mer 6s
Therebre,ahydrophilic cationic quencher such as' Gshich would be able to access the
solventexposed surface of the dendrimer, but not its core, should effectively quench the

fluorescence emission of the PAH even when bound, regardless of the preseaaeofitimer.

On the other hand, i f the PAH probe were e
core upon binding, the Csationic quencher would be far less likely to reach the fluorophore,
due to electrostatic repulsion between the positively changedomium groups and the Osns,
leading to considerably less effective quenching of the PAH fluorophore in the presence of
dendrimer vs. in its absence (ssehemet-3). Similar experiments have been conducted to study
PAH interactions with various quenching agents in the presence of carbeeyrateated

PAMAM dendrimerst83184
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Schemel-3 A representation of the possible interaction modes betweewisa

surfacebound PAH probe (left) vs. an internally encapsulated probe (right). Given the
polycationic nature of the amisterminated PAMAM dendrimerat neutrapH, PAHSs inside the
dendrimer would be more effectively shielded from the fluorescence quenching effett of Cs
cations.

For these titrations, a saturated solution of each PAH probe in buffered water containing
a constant amount of MeOH (7.2% MeOH by vo&)rwas preparedsing the same method
from the thin film experiments described above and added to a ctaargliartz cuvette for
titration with C$. Separately, a CsCl titrant solution was prepared in the same solvent system.
Aliquots (25100pL) of this solution were then added to each cuvette and ststaty
fluorescence emission measurements were taken after each addition. The resultant profiles of
emission intensity at the wavelength of maximum emission for the monomer form of each PAH
(404nm for anhracene and 394m for pyrene) vs. increasing [Gsre presented iRigure4-13.
The results clearly show that larger, higher generation PAMAM dendrimers more effective
protect pyreneod6s excit ed iosstAnthracent alsw displayeckan c hi ng
similar trend with increasing PAMAM generation, albeit to a lesser extent. In accordance with

our hypothesis, these results indicate that anthracene bindeept&iy to the exterior of the
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dendrimer, likely through catiehor CH" interactionswhereas pyrene is encapsulated within

the hydrophobic confines of the dendrimer. This difference is particularly pronounced for the

larger G4 and G5 dendrimers

Anthracene o Pyrene
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Figure4-13 SterrVVolmer plotsfor anthracene (left) and pyrene (rightntainingequal
concentrations 063-G5 PAMAM dendrimer (Gn] = 0.10mM), upon theitration of CsCI. All
measurements weiconducted in a solution containing 7.2% MeOH by volumex® blffered
to pH 7.4 with 5anM HEPES (anthracer@yc.. = 350nm, pyrenex..= 338nm).

We repeated the Cguenching experiments at higher G4 PAMAM concentrations used
above for fluorescence lifetime experiments The CsCl titrant solution was prepared using equal
H>O:methanol ratisas the cuvettes (75%8:15% MeOH by volume, buffered to pH 7.4 with
50 mM HEPES). Fluorescence emission spectra were takenesdtdnaddition of aliquots
(25-100pL) of this CsCl titrant solution. The results from these titrations are presented in
Figure4-14. Based on these plots, it is apparent at this higher dendrimer concentration that
pyrene was completely shielded from the quenching effects'ab@s On the other hand, the
higher GAPAMAM concentration did not reduce the quenching of matine by Csions; in
fact, the anthracene probesplayedessentially no differenda the presence dhe lower and
higherG4 PAMAM dendrimerconcentrations used in this study (i.e. [G4 PAMA#M).10 vs.

0.84mM).
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Figure4-14 SterrVVolmer plots for anthracene (left) and pyrene (rigbpon the titration of
CsCl in the presendgold squares) vabsencéred circlesf G4 PAMAM dendrimer
([G4] = 0.84mM). All measurements were conducieca solution containing 15% MeOH by

volume in RO buffered to pH 7.4 with 56hM HEPES (anthraceray.. = 350nm, pyrene

exc. = 338nm).

These results for two fluorescent aromatic hydrocarbon probes, pyrene and anthracene,

display interestingly different trends in their binding modes to ait@mainated PAMAM

dendrimers, both as a function of the dendrimer generation and concentraissirdrigly

suggests that pyrene is encapsulated deep within the polymer upon binding, whereas anthracene

is bound closer to the dendrimer surfaaithe interface with the bulk solution; there it interacts
with the protonated termini, presumably througtiaaa’

preferences are interesting and quite distinct, considering the similar chemical structure and

or’

OHht er act i

properties of these relatively featureless hydrophobic aromatic molecules.

4 .6 Conclusions

Poly(amidoamine) (PAMAM) dedrimers were proven to lmapable of binding

ons.

featureless polycyclic aromatic hydrocarbons (PABg)taking advantage of ther o b e 6 s

intrinsic fluorescence emission properties, a series of fluorestaseekexperiments were

The

carried out tanvestigate thextent to which these polymers can be envisioned as supramolecular
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hosts for such hydrophobic hydrocarbons in aqueous negamingonDr.St eel mand s
preliminary findingghat these macromolecules exhibited enhanced affinity for guests containing
aromdic moietiesover their aliphatic counterpart® In particular, we were also interested in
establishingabaselie f or Dr . Steel mands initial observa
for improved water solubility of this class of compoupdssibly concentrating them out of

solution, with an attention to future applications in sensing and remediation

Fluorescencanisotropy experimengsositively confirmed that spectral changes observed
upon the interaction of these smaiblecule fluorescent probes with PAMAM dendrimers in
water stem from binding through a telltale increase in anisotrgpglsipon addition of
PAMAM, whi ch was al so sensitive to -tedolesedmacr omol
fluorescence emission experiments were also conducted, resulting in a greater change in lifetime
for pyrene upon interaction wit lepePeAddpSWNationwh i c h
within the dendrimer upon binding, and thus, in closer proximity to the tertiary mine groups in
the PAMAM structure, known to be effective dynamic quenchers for simple aromatic
fluorophores.

The hypothesis of different binding locatidies anthracene vs. pyrene was probed using
selective guenching experiments with hydrophili¢ @kich, although an effective quencher,
could only access the solvefaicing surface of the PAMAM dendrimer. The results from these
experiments confirmed that anthracevesquenched more effectively by Csndependent of
dendri mer generation and concentration, where
affected by Csions for higher dendrimer generation and concentration. This was convincing

evidence for the different binding modasd binding locations of these PAH probes to PAMAM
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dendrimersGeneral considerations also indicate that these reshdisld also applto further

members of this family of compounds.

In summarypurresultssuggest that these dendrimers offer interesting and varied binding
modes for poorly watesoluble hydrocarbons in neutral water solution. The different binding
modes observed for thesgo PAHs alone warrant further exploration into similar dendritic
interactions with other PAH ring systems and chemical structures. This work opens the door to
PAMAM dendri mersd6 further use as supramol ecul
guestsFuture work will also aim at understanding the exact nature of these interaetgns
between anthracene and PAMAM dendrimers (i.e. cétionv s-. ICht e rTleset i ons ) .
properties bode well for the development of patteased chemical fingerprintirgystems for
such polycyclic aromatic hydrocarbons, whose toxicological and environmental importance,
which varies significantly within their family, make them valuable analytical targets for
differentiation and quantitation attempts. Furthermore, therdifitial binding features of these
PAHSs, outlined in this chapter, can be exploited for many other applications, such as chemical
separation and applications in controlled delivery of poorly watérble active ingredients.

4.7 Experimental details
4.7.1Materials

Amine-terminated ply(amidoamine) (PAMAM) dendrimers with 2-diaminoethane
(ethylenediamingen) core were manufactured by Dendritech, Inc. and purchased from
SigmaAldrich as methanol solutioret different concentratiordepending on the dendrer
generationDendrimer solutioawere stored at 4°C in a refrigeratbor each dendrimer
generation, alexperimentsverecarried out using the same batch (lot number) of dendrimer.

Anthracene and pyrene were purchased from Sigldach and used agceived.
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2-[4-(2-hydroxyethyl)piperazifl-yllethanesulfonic acid (HEPES) was purchased from ICI
Scientific. All experiments were carried ousing a 5dnM HEPES aqueous solution buffered to
pH 7.4 prepared by adding an appropriate amount of HEPES#ieeto deionized (DI) water;
the pH was then adjusted to 7.4 by addingM. RaOH as needed and monitoring with a
combined glass electrode, then bringing up to volurhe HEPES concentration was diluted
slightly (to between 460 mM), depending on the asant of PAMAM dendrimer stock solution

(in MeOH) that was added to each cuvette
4.7.2Instrumentation

All experiments were conducted28°C,using an external circulating water bath
Steadystate fluorescence measurements were conducted with an ISp&d@bftuorimeter.
Excitation was carried out using a bresectrum higkpressure xenon lamp (CERMAX,
300W). Excitation correction was performed through a rhodamine B quantum counter with a
dedicated detectoFor anthracene, excitation was performed=itr8n; for pyrene at 338m.
Emission was recorded over a wavelength range o6800m for anthracene and 3®&D0nm
for pyrene. Excitation and emission wavelength selection were carried out by
computercontrolled monochromators with manual slits for ei@ngth resolution control (for
anthracene: @m bandwidth foexcitation 4 nmfor emission; for pyrene: 8m bandwidth for
excitation, 2nm for emission)Detection was through a Hamamatsu-sedsitive PMT
Computercontrolled hgh-aperture GlasfThompsam calcitepolarizers were used in the excitation

and emission channels to measure stesdte fluorescence anisotropy.

Fluorescence lifetimes were measured with an Edinburgh PhotonicS &lini
time-resolved fluorometer usingetime-correlated single phion counting technique (T-SPC).

Samples were excited by a picosec@uised LED emitting at 310m (EPLED series) with a
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pulse width of 90(s.For experiments with anthraceard pyrenga pulse repetition rate was
setto 2MHz and0.5MHz, respectivelyControl of the excitation power was achieved through a
continuously variable neutral density filter wheel to col8% excitation photons psecond

A long-pass filter with a 45@m cuton wavelength was used for emission seleciatons

were detetedby a highsensitivity photomultiplier tubever a time range of 20 (for
anthraceneandl ps (for pyrene) Decay curves were accumulated for 58@min.) and te
resultantdecay data was fit usirthe multi-exponentialterativereconvolution fitin the

EdinburghT900 software
4.7.3Thin film experimental setup

Stock solutions of anthracene and pyrene were prepared by adding abayb2Solid
fluorophore ta25 mL of hexanes. Aliquot200-300uL) of fluorophore stock solutiowere
transferred to a &tm quartz cuvette and the hexanes was carefully blown offiv@yen stream.
Care was taken so that the deposition of PAH was below the position of the impinging optical
beam of the spectrofluorimeter. Aliquots of water buffered to pH 7.45%0thM HEPESwere
then added touvettes containinthe deposited soliBAH, followed by an appropriate aliquot of
dendrimer stock solution in methanol. At this point, any deviation from pH 7.4 was corrected by
adding a small amount of M HCI (ca. 37.5uL) before filling to volume (3.0nL) with more
HEPES, to give [PAMAM 0.10 mM or 0.84mM, depending on the experimefiach cuvette
was then sealed tight with Parafilm and stored in the dark at room temperature overnight, letting
eachsolutionreach dissolution equilibrium. The cuvettes were then subjected to stzdely
fluorescence emissiptime-resolved fluorescendgetime, andfluorescenceanisotropy

measurements.
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For C$ quenching experiments, the supernatant from each equilibrated cuvette was
removed and added to a cleaom quartz cuvetteA stock solution of ceam chloride was
prepared separately by adding the solid saltnd SHEPES buffer, to give a ca. 0.86solution.
The Cs titrant solution was made by taking aliquot ofthe CsClI stoclsolution (about InL),
addng to HEPESbuffer, and then filling to @lume with appropriate amounts of buffer and
methanolto achieve the same content of MeOH as the cuvette solutions (% by voBnrad).
aliquotsof this Cs titrant solutionwereadded to the cuvettanda fluorescence emission

measuremertbkenafter each additio(excitation at 350m for anthracene; at 338n for

pyrene)
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CHAPTER 5

ARRAY SENSING OF OPTICALLY DENSE COMPOUNDS USING THE
INNER-FILTER EFFECT

5.1 Introduction

In the prevwous chapter, we discussed the interactions between polycyclic aromatic
hydrocarbongPAHs)with poly(amidoamine) (PAMAM) dendrimers. The systems discussed
there have applications hydrophobicsolubilizationanddrugdissolution andlelivery, 149185186
Moreover, these findings pave the way for interesting applications in separation ssircas
these pol yel ect rniylofatomaidcomppounds everaliphaifedHowewef, f i
thedriving force for differentiation, i.ecation’ interactionsare relatively weakandtheyare
likely not selective enough for sensinguoimodifiedPAHs.Chemical sensing of these
uncharged, nopolar, and relatively featureless compounds representgoa ohallenge.
Specialized techniques such as ligardl gas chromatography (LC and GC), and capillary
electrophoresis are commonly used for PAH separation and det€¢tithiThese methodsften
require complex sample preparatipe. extraction and analyf@e-concentratiojy specialized
equipment and personnel, aegtratime for sample transport and procesding lab facility
Therefore significant problems in environmental science, such as source, environmental
transport modes, and exposure tracing are complicated by the lack afefieditu detection

methods for these powerful pollutants

While several PAH receptors have been reported, such as cyclodextrins{€Ds),

calix[n]arenes®*and cationic cyclophané®>their affinity and selectivityre highly dependent
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on the size and shape of their Rowlar cavity. Any one receptor would be selective, at best, for

only a few specific PAHs of a given size. Achieving haggcriminatory powefor many PAHs

would require a series gpecializedlistinct hostsoperated in parallelnstead of usinghe

sulile structural differences of simple PAHs (mass, polarity, smejedistinctive optical

properties of each PAEbuldbemore easily leveraged for discriminatidon particular,
fluorescentonjugated polymer scaffoldsed inChapter3 were selected asxcellent candidates

thanks to their high sensitivity to environmental conditions and bright fluoresdergeneral,

fluorescent sensors basedawmjugated polymersperate throughnalyte and
aggregatiorinducedphenomena outlirtgpreviously which seve to manipulate exciton

migration and modulate the fluorescence respfhSeAs a complemertb typical fluorescat

conjugated polymeprobesthat requirgpolymeranalyteinteractionsvia molecular recognition

elements along theolymerbackbonethe inner filter effect (IFE) was proposed asadarnative
approachThe inner filter effecttypically considered a drawback in fluorescence studies,
generates a reduction of a t artgeeabsorptionofdigho phor e
by anotherchromophore in solutigreither byprevening incidentphotons fronexciting the

target fluorophoréprimary IFE, pIFE),orbp b sor bi ng t he fl uorophoreods

(secondary IFE, sIFEf®

In this chapter, the IFE is demonstrated, in combination edtijugated polymebased
array sensing, as an effective approfehhe discrimination of 16 PAH compounds listed as
priority pollutants by the Environmental Protection Agency (EFAT.o this end, a series of
neutralconjugated polymensere synthesized, based thie fluorene cepolymer scaffolds used
previouslyin our metal ion detection worlkChapter3). To provide the greatest spectral overlap

with the target PAH analytes allowing for an optimal IBgecificoptical modifiers were added
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to thepolymerbackboneThis system takes advantage of intrinsic spectroscopic properties of
each individuaPAH, circumventing the need for specially made receptors for these chemically
inert, featureless hydrocarbomsnally, the promising results from this PAH detection what

to the development of a comparabktection system based on the &t similar conjugated

polymersfor the discrimination of 12 textile azo dyes in water.
5.2 Polymer design and optical characterization

Theconjugated polymeteceptoravere prepared by the Azoulay research group from the
University of Southern Mississippgiluch like the polymeric receptors discussed previously, the
p o | y rbackbéne was designed around a common fluorene core with varying codjugate
spacer groups incorporated in an alternating fashion. Covalently attactmefluorene was
eithera 2phenylbenzimidazole optical modifier groapan ethylene glycol group; the former
groupbeing structurally similar to UNAbsorbing agents commonly added to sunscreen and
offering goodspectral overlap between the absorbasfdbe polymer and PAH analgdn
total, six polymers were designed to provide a broad range of distinct structures and optical

properties (se&chemes-1).

123



5.0% Pd(PPhj),

2M K05, THF P1 (n = 3); P3 (n = 6)
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R = o OO g O g O O O

Schemes-1 Chemical structure and synthetic scheme of conjugated polyRieRS, used for
the detection of PAHSs.

PolymersP1-P4 demonstrate a systematic lengthening of the spaoeipsbetween the
2-phenylbenzimidazole group and tbenjugated polymebackbone, with 5, 6, 8, and 10
methylene units, respectivellpading to distinct differences in their optical spectra. PolyPer
incorporated a thiophene conjugate spacer group, leading tesaifestl absorbance and
emission maxima. FinallfR6 was constructetly replacinghe optical modifiesidegroupwith
an ethylenglycol group, whose absorption spectrum lacksiilgeer eergyband
( mx =290nm). The normalized absorption and fluorescence spectra for all six polymers are

displayed inFigure5-1.
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Figure5-1 Normalized absorbance and fluorescence emission spe®daR8 in DMF.

As a representative example, polyn®@exhibits an absorption maximum of 3iidh,
providing optimal spectral overlap in the regions of maximum absorption for a variety of PAHs,
in the range of 25800 nm. Figure5-2aillustrates this spectral overlap betwd&hand
anthracendeading tosignificant observed quenchimgf t he p ol yasanthéaseneasmi s s i
added tdP2 (Figure5-2b). Speci fically, anthracene acts as
blocking the incident light from reaching thenjugated polymeiThereforeas more anthracene
was addedexcitation ofP2at 374nmledtoa st ar k decr e dlsoeescenne t he pol

e mi s Sein)pcantefedaround 41En.
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Figure5-2 (a) Overlap between excitation and emission spectRRafith the absorbance
spectrum of anthracene ([anthracend)0 uM; [P2] = 15mgL ), providing the basis for an
IFE. (b) Representative fluorescent spectr&@f{15mg L) upon the titration with anthracene
([anthracene¥ 0-9.4mM; aexc.= 374nm). All spectra wereecordedn N,N-dimethylformamide
(DMF).

Several representative PAHs were titrated iRieP4 to study the effect of each PAH on
the emission of each polymer. Thus, three PAHs, anthracene, acenaphthylene, and pyrene were
chosen, representirggrange of ring fusion and optical properties (i.e. molar absorptivity and
position of theabsorptiormaximun) in the family of PAHsSmall but noticeable differences in
guenching efficiencyvereobservedvhen polymer$1-P4 interacted witreach PAH, sugging
that even subtle structural modifications aféstthe fluorescenceesponseMore dramatic
differential responses weobserved amonthe PAHs, which can be explained by the
differences irmolar absorptivity for each PAH at a given wavelengtie resultant titration
profiles and wavelength dependence of the molar extinction coefficients are presented in
Figure5-3, in which the polymer emission is quenchiffierentially by the presence of the
selected PAHSs via the IFE. For instance, at excitation wavelength oin37@hthracene has the

greatest molar extinction coefficient, and as such, was the most efficient quencher of the three
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PAHSs. In fact, the molar abguivity valuesat 374nm for these PAHSslirectly correlate with the

observed degree of quenching

(a) (b)
1.2 5.0
OP1 AP2 OP3 ¢ P4 [ )& =041x10¢
1.0 X =40 g) Anthracene
i S 76 . ——— IE . = =0.05 x 10%
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e’ 06 435 % 8 = c £ =003 x 10¢
= (s o =5
@A o o 20 - Pyrene
| a -~
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00 05 10 15 20 25 30 265 315 365 415
[PAH] [mM] Wavelength [nm]

Figure5-3 (a) Fluorescence titration profiles Bi-P4 upon the addition of aliquots of
anthracene, acenaphthylene, and pyrem@MF (| exc = 374nm,| em = 418nm). (b) Wavelength
dependence of molar extinction coefficient for anthracene, acenaphthylene, and pyrene. The
colors indicate the PAH involved.

5.3 Evidence for the IFE

To elucidate the mechanism of fluorescence quegchivariety of experiments were
conducted to rule out other possible quenching pathwaysehsionedoreviously the
absorbance spectra of each PAH span a range of wavelengths frég@02%@, overlapping
with the absorbance and emission specti1eP6. This spectral overlap opens the possibility
for fluorescence resonance energy transfer (FREDy, the IFE, both of whiclre possible
under these circumstances. To determine the mechanism of quenching for this system,
fluorescence lifetime measurements were performed for anthracene in the absence and presence
of P2 as a representative examgdfethe observed quenching occurs via endrgpsfer
processes, then a distinct change in the lifetime decay profile should be evident when the

polymer is added®®*°® Furthermore, the absorbance spectrum oPBanthracene mixtureas
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additive completely matchingvith the calculatedsum of thandividual absorbances @ach
componentThisruled out aggregation and tlemation of a groundtate complex betwed?2

and anthracene. These measurements are preserigdnias-4.

(a) (b)
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Figure5-4 (a) Emission decay dP2 (15mgL™) before and after the addition of anthracene
(500uM) in DMF. (b) UV-vis absorption spectra &2, anthracene, a mixture B2 and
anthracene, compared to a simulated spattcalculated fronsum of the individual
experimentahbsorbancspectra.

Fluorescence anisotropy experiments were also conducted to investigdlesr direct
binding took placdetween the PAH analyte atltesepolymers. As mentionedn the previous
chapter a strong ina¥ase irfluorescencenisotropy indicates a slower rotational diffusion rate
of a smallfluorophore due to binding to a larger molect¥fFor these experimentB5 was
titrated into a solution of anthracene ([anthracen&)OuM in DMF). PolymerP5was chosen
as the rpresentativexamplebecause its emission spectrisifiree of overlap wittthat of
anthracenelherefore, changesaan t h r auenblingeaiesn solutiorould bedirectly and
independentlybserved. As shown iRigure5-5, no increase in fluorescence anisotropy was

observed or ant hr acasmedé>svasadiedsuggesiimg that there was no binding
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between anthracene aR&. Givenall of these experim#al resultsthe IFE is the most likely

guenching mechanism of these polymarthe presence oPAH analytes.
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Figure5-5 Fluorescence anisotropy BSis titratedinto anthracene (100M) in DMF. If
binding occurred, a significant increase in fluorescence anisotvopld have been observed
(an(; = 350nm)

5.4 Pattern recognition of PAHs usingconjugated polymers

The 16 PAH compounds identified as priority pollutants by the EPA alersen as
target analytesSchemeb-2). Each PAH demonstrates varying spectral overlap with these
polymers Figure5-6 illustrates the unique spectral overlap betwe2mandP6 and all 16 PAHSs,
providing the basis for differential quenching through the IFE. The minor structural variations
between each polymer, in combination with tieidct relationship of molar absorptivity and
wavelength for each PAH, provided a library of differential response that could be used for

discrimination using pattern recognition techniques.
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Naphthalene Acenaphthylene Fluorene Pyrene
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secRENcegNa®s
Acenaphthene  Anthracene Phenanthrene Fluoranthene
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Benz[a]anthracene Benzo[a]pyrene Benzo[b]fluoranthrene  Benzo[ghi]perylene

OO‘O

Chrysene Dibenz[a,h]lanthracene Benzo[k]fluoranthene Indeno[1,2,3-cd]pyrene

Schemes-2 The chemical structures of all 16 PAH analytes identified by the EPA as priority
pollutants of interest.

Figure5-6 Normalized U\vis absorption spectra &2 (solid line, P2] = 15mgL™) andP6
(dashed line,f6] = 15mgL™) overlaid with the absorption spectra of (a) twad
threemembered PAHSs, (b) fouand fivemembered PAHSs, and (c) fivand sixmembered

PAHsin DMF ([PAHSs] = 10 pM).

Solutions ofP1-P6in DMF (15mg L) werearranged on 384vell microplates and were

exposed to 500M solutions of the 16 PAHs mentioned earlier as persistent pollutants by the
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